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VISUAL SENSING OF SPACECRAFT  GUIDANCE INFORMATION 

Earth  Orbit  Rendezvous  Maneuvers 
1 

By S. Seidenstein, W. K. Kincaid Jr., G. L. Kreezer  and D. H. Utter 

bckheed Missiles  and  Space Co. ,  Biotechnology  Organization 

Sunnyvale,  Calif . 
SUMMARY 

An analysis of earth  orbit  rendezvous in  terms of maneuver  geometry 
served as  a  basis  for  establishing  the  requirements  for  visually  sensed  ren- 
dezvous  guidance  information.  Analysis of the  physical  environment  supported 
an  evaluation of the  sensory  basis  for  visually  deriving  the  desired  infor- 
mation.  Visual  capabilities  were  then  examined  in  terms of sensitivity,  cross 
range  motion  perception,  range,  and  range  rate  determinations.  Estimates of 
sensitivity  and'.variability  are  presented  where  available.  Conclusions  are 
drawn  regarding  the  adequacy of available  data,  and  recommendations  are  given 
for  future  areas of study. 

INTRODUCTION 

This  report  is  intended  as  a  source  and  a  guide for applying  infor- 
mation  concerning  human  visual  perception to the  sensing of guidance  and 
control  information  in  manned  spaceflight.  Its  purpose  and  plan  is  as 
follows : 

0 

0 

0 

0 

define  the  basic  visual  stimulus  conditions  applicable  to 
spaceflight; 
review  relevant  operational  tasks  apd  define  the  visual/ 
perceptual  and  physical  phenomena  related to each; 
define  the  parameters  to  be  investigated in terms of 
perceptual  capabilities; 
review  the  literature  for  related  studies  and  experiments 
to  compile  pertinent  data; 
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o produce a da ta  summary; 

o o u t l i n e  a program  of  analysis  and  experimentation  to 

provide  data   not   found  in   the l i terature.  

Rendezvous has  been  chosen as the  operat ion for which.information 

i s  required.  Rendezvous  guidance  and  control  schemes  have  been  studied 

in   o rde r   t o   e s t ab l i sh   t he   pa rame te r s  which  must, or could  be  sensed.  Para- 

metric limits have  been  defined. The phys ica l   cha rac t e r i s t i c s   o f   t he   space  

vehicle  and i t s  natural   environment   are   def ined,   quant i f ied,   and  re la ted t o  
one  another in   o rder   to   descr ibe   the   s t imulus   envi ronment  from  which v i s u a l  

information i s  sensed. 

Ce r t a in   cha rac t e r i s t i c s   o f   t he   v i sua l   sys t em are a l s o  examined  where 

they  might  modify  the  sensing  capability.  These  analyses  culminated  in  the 

question, "What d a t a   e x i s t  to quan t i fy   t he   capab i l i t y   o f   t he  human to sense 

the  desired  information?" The l i terature  has  been  reviewed  and  evaluated 

i n  an  attempt t o  answer th i s   ques t ion ,  or t o   a s s e s s  t h e  e x t e n t   t o  which it 

can  be  answered. 

S ince   the   a reas   inves t iga ted   a re   h ighly   se lec t ive ,   and   the   ava i lab le  

l i t e r a tu re   f r equen t ly   i nadequa te ,   t he   s cope   o f   t h i s  work i s  necessa r i ly   l imi t ed .  

Because we cons ide r   t he   r e su l t s   o f   ou r   e f fo r t s   t o   be  a working t o o l   f o r   a s s i s t -  

ing  individuals  whose t e c h n i c a l   s p e c i a l t y  i s  no t   v i s ion ,  we have  included a 

number of   genera l ly   ava i lab le   re fe rences  where a broader  understanding  of 

visual   percept ion may be obtained, where de t a i l ed   desc r ip t ions   o f  methods  and 

procedures   are   avai lable ,   and where  supplementary  data  exist .   Since  the  largest  

po r t ion   o f   t he   ava i l ab le   da t a  was generated t o  f i l l   t h e   g o a l s   o f  a basic  under- 

s tanding   of ' the   v i sua l   sys tem,  it is frequently  obtained  under  conditions which 

a r e   d i f f i c u l t   t o   g e n e r a l i z e   t o   t h e   o p e r a t i o n a l   s i t u a t i o n .  For t h i s   r ea son  we 

have  included a brief discussion on methods  and  procedures  which we hope w i l l  

a l e r t   t h e   u s e r  t o  some of   the   hazards   inherent   in  not ques t ion ing   t he   u t i l i za -  

t i o n   o f  summary data .  

In per fo rming   t h i s   ana lys i s  we have   a t tempted   to   ob ta in   quant i ta t ive  

r e l a t ionsh ips  where possible,  and  have  probably  neglected  certain phenomena 

which  very  real ,   cannot   be  readi ly   t reated  in   the  quant i ta t ive framework. 
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We  have  drawn  heavily  upon  secondary  sources  in  compiling  data  and 
figures  in  part  due  to  availability,  and  in  part  due to limitations of time. 
These  secondary  sources  are  readily  available to the  reader  who  wishes  to 
extend  his  analysis  beyond  the  data  presented  herein. 

This  study  was  conducted  under  the  general  supervision of Dr. S. 
Seidenstein  who  was  responsible  for  the  sections on visual  sensitivity  and 
cross-range  motion. W. K. Kincaid  Jr.  contributed  the  section on physical 
environment,  Dr. G. L. Kreezer,  the  section on range and  range  rate  determina- 
tions,  and  D. H. Utter  the  section of rendezvous  mission  and  guidance  require- 
ments. C. S. Juliano  contributed  the  material on visual  aids.  Technical 
guidance  and  support  were  expertly  provided  by  Dr. R. L. Martindale  and V. E. 
Jones, Jr. 
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RENDEZVOUS  MISSION AND GUIDANCE  REQUIREMENTS  ANALYSIS 

This   inves t iga t ion  was begun  by  determining  what  information would 

be  required  to   perform a rendezvous. 

An analysis  of  the  rendezvous  mission  and  guidance  information re- 

quirements was conducted  concentrating  on  the  following areas: 

A l i t e r a t u r e   s e a r c h  of  both  manual  and  automatic 

techniques  for  accomplishment  of  space  rendezvous. 

Compilation  of a l i s t  of  rendezvous  mission  phases 

(by  funct ion)  . 
Compilation  of a l i s t  of  guidance  schemes  under  each 

mission  phase. 

Se lec t ion   of  two guidance  schemes f o r   f u r t h e r   s t u d y .  

Col lect ion  ( for   each  guidance scheme se lec ted)   o f  

mission  geometry,  parameters  required,  ranges  of 

parameters,  visual  references,  and  techniques f o r  

ob ta in ing   da ta .  

Rendezvous  Mission  Phases 

overall   rendezvous  mission may be  broken down i n t o   f u n c t i o n a l  

phases.  Each  of  these  phases i s  a necessary  par t   of  a typical   rendez-  

vous mission and usual ly   represents   one  of  a sequence. The following 

phases  were  considered: 

(1) Target   search  and  acquis i t ion.  

( 2 )  ‘ S t a t e   ( r e l a t i v e   p o s i t i o n  and veloci ty)   determinat ion.  

(3) I n i t i d   s t a t e   c o r r e c t i o n .  

(4) Transfer   path  control .  

( 5 )  Fina l   ve loc i ty   co r rec t ion   (b rak ing ) .  

( 6 )  Stationkeeping. 

( 7 )  Near t a r g e t  maneuvers. 

(8 )  Docking. 

4 



Mission  Phase  and  Guidance  Schemes 

The guidance  schemes  applicable t o  each  mission  phase are l i s t e d  

below: 

I. 
11. 

111. 

Mission  Phase 

Target   search 

S ta t e   de t e rmina t ion  

I n i t i a l   c o r r e c t i o n  

I V .  Path  Control  

V .  

VI. 
V I I .  

V I 1 1  . 

Fina l   b rak ing  

Stat ionkeeping 

Near t a r g e t  maneuvers 

Docking 

A.  
B. 

* c. 

A .  
++ B. 

3c c. 

A .  
3C B. 

* c .  

A .  
+* B. 

9 A .  

Guidance Scheme 

” 

Earth  orbi t   mechanics  
Relative o r b i t  mechanics 
I n e r t i a l   l i n e   o f   s i g h t  
(L-o-S) co l l i s ion   cour se  

Minimum impulse 
I n e r t i a l  L-O-S c o l l i s i o n  
course 
Rota t ing  L-0-S c o l l i s i o n  
course 

Uncontrolled 
I n e r t i a l  L-0-S c o l l i s i o n  
course 
Rotat ing L-O-S c o l l i s i o n  
course 

Minimum impulse 
L-O-S range programmed 
range-rate  

Rota t ing  L-0-S 
-- 
” 

Mission  phases I, VII, and VIII, included  for   completeness ,   are  con- 

sidered beyond the  scope  of the rendezvous  mission as def ined   for   purposes  

o f   t h i s   s tudy .  

The guidance  schemes  selected  for  further  study as a p p r o p r i a t e   t o  

potent ia l   v isual   implementat ion ( l i s t e d  above) f a l l  i n t o  two general  

schemes: 

(1) I n e r t i a l   l i n e - o f - s i g h t   c o l l i s i o n   c o u r s e ,  

( 2 )  Rota t ing   l ine-of -s ight   co l l i s ion   course .  

The mission  geometry i s  n e a r l y   t h e  same f o r  both  guidance  schemes. 
Each  scheme u s e s   t h e   t a r g e t   v e h i c l e   o r b i t  as the   r e f e rence   o rb i t .  Each 

- scheme uses   equat ions,   descr ibing  the relative motion  of  the  chaser 
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veh ic l e   w i th   r e spec t   t o  the t a rge t ,   i n   sphe r i ca l   coo rd ina te s   r e f e renced  

t o  a set of  axes centered   on   the   t a rge t .  However, scheme #1 u t i l i z e s  

a n   i n e r t i a l l y   f i x e d  set  of   reference axes while  the axes of  scheme #2 

a re   a l igned   t o   t he   l oca l   ve r t i ca l .   F igu res  1 and 2 i l l u s t r a t e  the geometry of 
t h e  two re ference  systems. 

Both  guidance  schemes  require  use  of  the same spher ica l   coord ina te  

parameters:  range, R, e levat ion  angle ,  (Y , azimuth  angle, p , and 

t h e i r  rates. The ine r t i a l   gu idance  scheme requ i r e s  measured w i t h  

respec t  t o  an ine r t i a l   r e f e rence ,   wh i l e   t he   ro t a t ing  scheme requ i r e s  cy 

measured   wi th   respec t   to   the   loca l   hor izonta l  a t  t h e   t a r g e t .  The range 

of these  parameters  i s  given i n  Table I .  

The equat ions  of   re la t ive  motion  for   each  guidance scheme as 

given by Har r i son   ( r e f .  20 ) are r e p e a t e d   i n  Table 11. 

Visual  References and Techniques for   Obtaining  Parameters  

For the ine r t i a l ly   based   r e fe rence  scheme  (scheme #1) the v i s u a l  

re ferences  will be two stars: one loca ted  a t  o r  nea r   t he   t a rge t   veh ic l e ,  

t h e   s e c o n d   l o c a t e d   i n   t h e   t a r g e t   o r b i t   p l a n e .  For t he   ro t a t ing   r e fe rence  

scheme (scheme #2) t he   v i sua l   r e f e rences  will be  the   ear th   hor izon   and  

one star t o   l o c a t e   t h e   t a r g e t   o r b i t   p l a n e .  

An examinat ion  of   the  references  revealed  several   techniques  for  

obtaining the required  guidance  pa.rameters: R,  o! , /3 , and t h e i r  

rates. These   t echn iques   a r e   l i s t ed   i n   Tab le  111. 
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PHYSICAL  CHAFLACTERISTICS OF THE VISUAL ENVIRONMENT 

In t roduc t ion  

The physical  environment  of  space is a major  determinant  of  an 

a s t r o n a u t J s   v i s u a l   c a p a b i l i t i e s .  The a b i l i t y   t o   v i s u a l l y   a c q u i r e  and t r ack  

a ta rge t   vehic le   th roughout  a rendezvous  mission as well as make naviga t iona l  

s ight ings  occurs   within a multiparameter  physical  environment which i n   p a r t  

determines m a x i m u m  visual  performance  capabili t ies.   These  parameters  can be 

considered  under a number of   logical ly   separable   groupings:  

Orbi t   pos i t ion .  - The  number and  types o f  objects,   both  luminous 

and  illuminated,  which  can  appear i n   t h e   a s t r o n a u t f s   f i e l d   o f  view through 

e i t h e r   t h e   s p a c e c r a f t  window o r   op t i ca l   i n s t rumen t s  are determined  by t h e  

s p a c e c r a f t ' s   o r b i t a l   p o s i t i o n .  The important  angular and l i n e  of  s i g h t  re- 

l a t ionsh ips  between the  chase  vehicle,   search  vehicle,  and sources  of il- 

lumination are similarly  determined. 

Ex te rna l   b r igh tness   f i e ld .  - The special   nature   of   the   space  en-  

vironment,   e.g. ,   the  lack  of  any  atmosphere,   the  intensity and s p e c i a l  

cha rac t e r i s t i c s   o f   t he   na tu ra l   i l l umina t ion   sou rces ,  and t h e  number and 

types   o f   ob jec t s   ex t e rna l   t o   t he   spacec ra f t  and  within  the  f ie ld   of   view 

determine  the  average  br ightness   of   the   as t ronautfs   external   v iewing  f ie ld .  

Luminous objects   such as the  sun and stars and  i l luminated  objects  

such  as the moon, the  ear th ,   and  the  spacecraf t   l fcoronat l   (a   c loud  of   space-  

c r a f t   e j e c t e d   p a r t i c l e s  which a r e   t r a p p e d   b y   t h e   s p a c e c r a f t ' s   e l e c t r o s t a t i c  

and g r a v i t a t i o n a l   f i e l d s )  are a t  one time o r   a n o t h e r   f o u n d   i n   t h i s   f i e l d   o f  

view. 

Ta rge t   veh ic l e   cha rac t e r i s t i c s .  - Charac ter i s t ics   such  as t a r g e t  

size,   shape,  specularity,  and o r i en ta t ion ,  when combined with a knowledge 

of   the  i l luminance  source and the   t a rge t   d i s t ance   p rov ide   necessa ry   da t a  

f o r   t h e  analysis of t h e   " e f f e c t i v e   t a r g e t "   b r i g h t n e s s  and t a r g e t   c o n t r a s t s .  

I n   t h e   c a s e   o f   e a r t h   n i g h t s i d e   a c t i v i t i e s ,   t h e   c h a r a c t e r i s t i c s  of t a r g e t  

acquis i t ion  beacons and, f o r   c l o s e - i n   o p e r a t i o n s ,   t h e   t a r g e t f s   c o l o r e d  
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runn ing   l i gh t s  must also  be  considered. 

S p a c e c r a f t t i c a l  " devices. - These l i g h t   t r a n s -  

mi t t i ng  "medial1 are f i l ters through  which  the  astronaut  observes  the ex- 
t e r n a l   f i e l d  and t h e   o b j e c t s   w i t h i n   t h a t   f i e l d .  They c o n t r i b u t e   t o   i n -  

creased  homogenei ty   of   the   visual   f ie ld  by s c a t t e r i n g   l i g h t   w i t h i n  them- 

selves.  They a c t   e i t h e r  as n e u t r a l   d e n s i t y  o r  s e l ec t ive   spec t r a l   bandpass  

filters. The p rope r t i e s   o f   op t i ca l   dev ices   a f f ec t   t he   appa ren t   b r igh tness  

of the   t a rge ts ,   the i r   backgrounds ,   and   the   angular   s ize   o f   the   f ie ld-   o f  

view. 

Spacec ra f t   i n t e rna l   l i gh t inq .  - In t e rna l   spacec ra f$   l i gh t ing ,  

a long  with  the  external   l ight   enter ing  through  the  spacecraf t  windows, 

c rea tes   the   to ta l   I le f fec t ive l l   b r igh tness   f ie ld   for   the   as t ronaut -observer .  

The eye as a sensor. - The s e n s i t i v i t y   o f   t h e   e y e  i s  an important 

parameter. The eye is on ly   ab le   t o   de t ec t  an o b j e c t  which d i f f e r s   s u f f i -  

c i e n t l y   i n   b r i g h t n e s s  from the   sur rounding   f ie ld .   Sens i t iv i ty  i s  a funct ion 

of  adaptation,  which is i n   t u r n  a func t ion   o f   t he   spa t i a l  and  temporal 

cha rac t e r i s t i c s   o f   t he   p reva i l i ng   f i e ld   b r igh tness .   Cons ide rab le   da t a  

exists which i n d i c a t e s   t h e  minimum d i f f e r e n t i a l   o b j e c t   b r i g h t n e s s  which 

can  be  detected  by  an  eye  adapted  to a par t icu lar   sur round.  

The i n t e r r e l a t i o n s h i p s  between the  various  parameters  discussed 

above are   p resented   schemat ica l ly   in   F igure  4. 

Orb i t   Re la t ed   Charac t e r i s t i c s  

The purpose   o f   th i s   sec t ion  i s  to   descr ibe  the  physical   environ-  
ment  of  space as it opera tes   to   de te rmine   the   v i sua l   per formance   of   the  

astronaut  observer.  

Orb i t   pos i t i on .  - I n i t i a l l y ,   t h e   o r b i t a l   ' p o s i t i o n   e s t a b l i s h e s   t h e  

number and types of   possible   sources   of   i l luminat ion,  as well as c e r t a i n  

basic   angular   re la t ionships   such as t h e  angle between the Incoming t a r g e t  

i l l umina t ion  and t h e  l i ne  of s i g h t .  Figure 5 is  a diagram i n d i c a t i n g   t h e  
various  i l lumination  envlronments which might  be  encountered  by a veh ic l e  

i n   t h e  Earth-Moon space. 
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In general,  the  brightness of a  surface  which  reflects  light  is a 

function of the  area of the  surface,  the  light  incident on the  surface,  the 
percent  reflectance,  and  nature of reflectance,  whether  spectral or diffuse. 

This  relationship is confined  to  angles  in  the  range of 0 - 180 depending 

upon  the  relative  position of the  light  source(s),  and  target  and  chaser 

vehicles  as  defined  by  the  orbital  position of the  vehicles. 

0 0 

If the  sun is regarded as the  major  source of target  illuminction, 

there  are  certain  unique  characteristics of sunlight  which  must  be  con- 

sidered. 
Since  the  earth-sun (or moon-sun)  distance  is so great,  the  light 

rays  emsnating  from  points on the sun’s surface  are  essentially  parallel 

when  they  reach  the  earth,  moon, or any  point  between  the  earth  and  the 

moon.  Another  result of the  great  distances  involved  is  the  apparent unl- 

formity of illumination on a plane  oriented  at  any  angle  to  the  incident 

sunlight. The variation on intensity  over  these  planes  is  well  below  the 

brightness  discrimination  threshold  (ref. 9 ) .  For this  reason,  it  is 

generally  assumed  that  the  incident  illuminating  sunlight  intensity is 

100% uniform  over  the  illuminated  surfaces  which  are  observed  by  the  astro- 

naut  regardless of the  sunlight  incidence  angle o r  size of the  illuminated 

area.  This  illuminoting  intensity  is  termed  the  solar  constant (Eo) and  is 
equal  to  l.25(lO)  ft-candles  at  the  earth-sun  distance.  The  only  spread 
(decollimation)  which  is  encountered  is  that  due to the  zngular  size of 

the  sun ( -  32 minutes of arc)  as  viewed from the  earth-sun  distance. 

4 

Earth  orbit  parameters  also  determine  the  maximum  possible  straight 

line  target  sightings  over  the  horizon. For example,  a  space  vehicle  at  a 

100 n.m.  altitude  has  a  maximum  possible  straight  line  sighting  distance  to 

a  target  at  the  same  altitude  (and  in  the  same  circular  orbit) of about 730 
n.m.  On  the  other  hand, if both  chaser  vehicle  and  target  were in the  same 

500 n.m.  altitude,  circular  orbits,  the  maximum  possible  sighting  distance 
would  be  about 3750 n.m. In these  calculations, 20 n.m.  was  added  to  earth 

radius  to  account  for  the  earth  atmospheric  “aura. ‘I 

The  amount of time  spent  by  spacecraft in the  dark or light  is  a 

function of the  orbit  characteristics.  If,  for  instance,  only  sunlight  is 
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considered,  spacecraft i n   c i r c u l a r   o r   o n l y   s l i g h t l y   e l l i p t i c a l   e q u a t o r i a l  

o rb i t s   o f  100 n.m. and 500 n.m. a l t i t u d e s  are i n   t h e   E a r t h ' s  shadow about 

37 and 38.5 minutes ,   respec t ive ly .   For   an   e l l ip t ic i ty   o f  as g r e a t  as 
0.113,  with  the  perigee on t h e   s u n l i t   s i d e  a t  a 100 n.m.alt i tude; a 
similar ana lys i s   i nd ica t e s   t ha t   t he   t ime   spen t  on the  dark side i n  an  
e q u a t o r i a l   o r b i t  i s ' s t i l l  only  about 37 minutes. It i s  appa ren t   t ha t   fo r  

most ear th   o rb i t   miss ions   the   t ime  in   darkness  will be  about 37-38 minutes. 

If moonlight i s  a v a i l a b l e  on the  dark  s ide of the  Earth,  i t s  e f f e c t  on t h e  

dark   adapta t ion   leve l  must a l s o  be  taken  into  account.  It has  been  s ta ted 

by  the  as t ronauts   that   under  fu l l  moonlight  conditions on the   dark   s ide  of  

the  Earth,  it i s  poss ib le   to   read   wi th in   the   spacecraf t   us ing   on ly   the  

l i g h t  from t h e  moon ( r e f .  1). This  suggests a minimum luminance  level 

within  the  spacecraf t  of lo-* ft.Lamberts  which i s  qui te   h igh  compared t o  

the  darkness  of  space  sky. I n  Table I V ,  the  brightness  of  various com- 

binat ions  of   "natural ' :   f ie ld   objects  and  backgrounds are  given. 

F igure6   schemat ica l ly   ind ica tes   the   geometry   involved   in   the  

analysis  discussed  above and gives  an  expression  for  the  approximate 

amount of   t ime  spent   in   sunl ight  and earth  darkness for t h e  spacec ra f t  a t  

v a r i o u s   a l t i t u d e s   i n   c i r c u l a r ,   e q u a t o r i a l   e a r t h   o r b i t s .  An express ion   for  

the m a x i m u m  l i n e   o f   s i g h t   d i s t a n c e  between two spacecraf t  a t  about   the same 

o r b i t a l   a l t i t u d e  i s  also  given.  

E x t e r n a l   f i e l d   o b j e c t s .  - It i s  assumed t h a t  a t  all t imes   t he   a s t ro -  

n a u t ' s   f i e l d  of  view  through  the  spacecraft  windows will c o n t a i n   l i g h t  

sources  such as stars, sun, moon, earth,   or  combinations o f  these   ob jec ts .  

Except   for   the stars, all of  the  objects  should  always  be  above  the  thresh- 

o ld   o r   lower  limit of  eye sens i t i v i ty   excep t  when the  sun i s  w i t h i n   t h e  

f i e l d   o f  view o r   i n c i d e n t  on the   spacec ra f t  windows o r   op t i c s .  The b r igh t -  

ness  of stars are conventionally  given i n   s t e l l a r  magnitudes. The stellar 

magnitude i s  a c t u a l l y  a measure  of  the  earth  based  reading  of  the  i l lumin- 

ance  provided  by a given star. For a star whose usual magnitude i s  one, 

the  i l luminance i s  given as 9.73 x foo tcand les   ( r e f .  29). Note that 

each  of  the stellar magnitudes shown i n  Table V va ry   i n   i l l uminance   s t eps ,  
A E ,  by the f a c t o r  2.5119. 

t 
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To convert   the   i l luminance a t  a given  point  provided by e i t h e r  a 

star o r  any o t h e r   s o u r c e   o f   l i g h t   i n t o  stellar magnitudes a t  t h e   e a r t h ' s  

sur face ,   the   fo l lowing   express ion  can be  used: 

m = -2.5' l o g  E -16.53, ( r e f .  1) 
where, 

m = s te l la r  magnitude ( a t   t h e   e a r t h ' s   F u r f a c e )  

E = I l luminance  ( footcandles)  

It may be u s e f u l   t o  remember t h a t   t h e  stars are i n  the  as t ronaut  I s  externa l  

f ie ld   o f   v iew  in   the   dayt ime  bu t  t h e  l i gh t   adap ted   eye  i s  t o o   i n s e n s i t i v e  

t o   d e t e c t  them ( r e f .  11). If they  are t o  be used as nav iga t iona l   a id s  and 

re ference   po in ts   aga ins t  which a target   vehi 'c le  i s  d is t inguishable   by  i t s  

l ine-of -s ight   angular  rate,  they  must   be  vis ible .  The d i s t r i b u t i o n   o f  

stars wi th   r e spec t   t o   b r igh tnesses  and d e n s i t y   e x h i b i t s   s u c h   v a r i a b i l i t y   t h a t  

it i s  no t   u se fu l   t o   spec i fy   ave rage   va lues   ove r   spec i f i c   sho r t  time period 

f o r  a g iven   o rb i t .  It i s  poss ib le ,  however, t o   e s t a b l i s h   t h e   r e l a t i v e  mean 

of t h e  l e s s   d e n s e  and less br ight   por t ions   o f   the  sky. These are the  more 

impor tan t   va lues   s ince   they   es tab l i sh  the  extremes.  Figure 7 rep resen t s  

star dens i ty  as a func t ion  of  magnitude  (mean) f o r   s e v e r a l   a n g u l a r   f i e l d  

s i z e s  ( re f .  24). This  information, combined wi th   adap ta t ion   l eve l  and t h e  

proper t ies   o f   the   op t ics   de te rmines   the  number of stars which a r e  visible 

f o r  a g i v e n   f i e l d   s i z e .  

Target-background  contrast. - In s i t u a t i o n s  where t h e   t a r g e t  must 

be  viewed a g a i n s t   t h e   s u n l i t   E a r t h ' s   s u r f a c e ,   o r  where stars must  be  viewed 

near a br ight   ob jec t   such  as t h e   s u n l i t  Ear th 's  horizon,  the moon or a sun- 

lit t a rge t   veh ic l e ,   t he   con t r a s t   r a t io   be tween   t he   t a rge t   o r  star and i t s  
background  must  be  used i n   t h e   c a l c u l a t i o n s   o f   v i s i b i l i t y .  The c o n t r a s t  

r a t i o  most f requent ly   used i s  given as: 
Bt - B 

c = -  
B x 100 

where B i s  the   t a rge t   b r igh tness  and B i s  the  background  brightness. t 
Values   of   background  br ightness   for   sunl i t   and  moonli t   ear th   back-  

groynd  and ea r th   a i rg low background are g i v e n   i n  Table I V .  

Figure 8 i s  a p l o t   o f  minimum v i s i b l e   a n g u l a r   s i z e   o f  a c i r c u l a r  
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t a r g e t  as a func t ion  of t h e   c o n t r a s t   r a t i o  and the  background  luminance. 

It can  be  used t o   o b t a i n  first approximation  values of de tec t ion   range  i f  

c o n t r a s t   r a t i o  ( C ) ,  background  luminance  and  vehicle  size are known.  The 

or iginal   data   f rom  which  this   curve was p l o t t e d  i s  tha t   ob ta ined   by  

Blackwell ‘(ref.  2 ) .  A very  extensive se t  of   da ta   cons ider ing   ta rge ts ,  up 

t o  6’ o f  a rc ,  i s  given  by  Duntley  (ref.  8 ) .  

Glare. - l l G l a x e l f  as discussed  below i s  t h e   e f f e c t   o f  stray l i g h t  - 
from  sources much b r i g h t e r   t h a n   t h e   t a r g e t   o b j e c t  which t e n d   t o   l l v e i l l f   t h e  

v i s u a l  f i e ld   by   supe r impos ing   t he i r   b r igh tness   ove r   t he   l i ne   o f   s igh t   f i e ld  

of v i e w .  

The q u a n t i t a t i v e   e f f e c t s  o f  g l a r e   a r e   n o t   f u l l y  known. Research, 

such as that  being  conducted  by Dr. Richard  Haines a t  Ames Research Center, 

i s  a t t empt ing   t o   quan t i t a t ive ly   desc r ibe   t he   e f f ec t s  of extended  glare 

s o u r c e s   o n   t h e   v i s i b i l i t y  of objects   near   the  glare   source.  The expression 

empir ica l ly   der ived  from experimental   data   for   l lvei l ingl l   i l luminance,  q, 
when the  eye is  f i x a t e d  on a point  @degrees  from a s t eady   l i gh t   sou rce  

which provides E footcandles  of  i l lumina t ion  a t  the  eye,  i s  

E-v = 1 0 ( E ) / 8  = f o o t  candles.  V 
( re f .  1 3 )  

The Gemini a s t r o n a u t s   r e p o r t e d   d i f f i c u l t y   i n  rrlaking s ight ings  on stars 

near   the   edge   of   the   sunl i t   lunar   d i sc ,  which is, i n   t h i s   c a s e ,   t h e   r e s u l t  

o f   t h e   g l a r e   e f f e c t   ( r e f .  2 5 ) .  

Corona. - Since a s p a c e c r a f t   e j e c t s   p a r t i c l e s  o f  f l u i d  which remain 

nea r   t he   veh ic l e   because   o f   e l ec t ros t a t i c  and t o  some e x t e n t   g r a v i t a t i o n a l  

f i e l d s ,  i t  crea tes   and   t ranspor t s  i t s  own s o u r c e   o f   l i g h t   s c a t t e r   o r  

Ilcoronall. This   corona  tends  to   decrease  the  contrast   ra t io   between  the 

vehic le  and the  surround.  Figure 9 i l l u s t r a t e s   t he   b r igh tness   o f   such  a 

corona as a func t ion   of   the  mass e j e c t i o n   r a t e .  Mass e j e c t i o n  rates of  

approximately 1 lb /h r  are typical  of  those  gncountered  during  the Gemini 

f l i g h t s   ( r e f .  12) .  Those f o r   t h e  Apollo vehic les  will cer tainly  be  higher ,  

bu t   t yp ica l   va lues  are not ,  a t  present ,   ava i lab le .  

t 

Target   Vehicle   Character is t ics  

Point   source or extended  source. - I n  a typical   rendezvous,   the  tar- 



g e t   v e h i c l e   i n i t i a l l y   a p p e a r s  a t  a d i s t ance  where it can  be  t reated as a 

point  source.  Because  of i t s  s m a l l  subtended visual angle ,   the   t a rge t  

vehicle  obeys  Ricco's l a w ,  Area x I n t e n s i t y  = Constant,  f o r  an e f f ec t ive   "po in t "  

source ( ref .  29). Thus, a "point  sourcett  may b e   d e f i n e d   i n   p r a c t i c a l  terms 

as a s t imulus   which   I ta f fec ts   the   eye   on ly   in   p ropor t ion   to  i t s  i n t e n s i t y "  

( re f .  21).  Figure 10 taken  from  Blackwell (1946) shows t h e   c r i t i c a l   v i s u a l  

angle  below  which a source may be   t rea ted  as a poin t .   This  i n  t u r n  i s  a 

func t ion   o f   t he   s i ze  of t he   ape r tu re   o f   t he   pup i l  and as such i s  a func t ion  

of  the  average  luminance of t h e   f i e l d   o f  v i e w .  This i s  d iscussed   fur ther  

on page 38. 
For  the  dark  adapted  eye  the  upper limit i s  general ly   given as 

eight   minutes   of   arc   while   for   the  l ight   adapted  eye  the  upper  limit i s  

about 0.5 minu tes   o f   a r c   ( r e f .23  ).  Figure  11 p r e s e n t s   t h e  minimum range 

beyond  which a c i r cu la r   t a rge t   can   be   cons ide red  as a po in t   sou rce   fo r  

va r ious   c i r cu la r   t a rge t   d i ame te r s  and for   both  the  dark  adapted and l i g h t  

adapted  eyes. The d i rec t   var ia t ion   o f   pupi l   s ize   wi th   the   luminance   of  

t h e   f i e l d   o f  v i e w  i s  shown i n   F i g u r e 2 0 .  The pup i l  area v a r i e s  by  approxi- 

mately  the same f a c t o r  (16) as t h e   r a t i o   o f   t h e  m a x i m u m  angular   s izes   o f  

po in t   sou rces   fo r   t he   l i gh t  and the  dark  adapted  eye. If the  source  can 

be   t rea ted  as a poin t ,   the   inverse   square  l a w  ( i l l uminance   t o  a po in t   (p )  

i s  inversely  proport ional   to   the  square  of   the   dis tance  f rom p t o   t h e   p o i n t  

source) i s  va l id .  

For   vehicles  where the  combinat ion  of   target   angular   s ize   and 

p u p i l l a r y   s i z e   i n d i c a t e  a source i s  too   la rge   to   be   cons idered  a ltpointlt 

( see   F igure  lo), the   inverse   square  law i s  no longer   v ,a l id   for   the   en t i re  

source and t h e   t a r g e t  i s  considered an tlextendedll   source o r  a sum of 

point  sources.  The i n t e n s i t y  must then  be  considered  in   conjunct ion  with 

the   i l lumina ted  area of the  source and the   ang le  formed  between t h e   l i n e  

of  s i g h t  and t h e  normal t o   t h e   s u r f a c e   f o r   e a c h   p o i n t   i n   o r d e r   t o   o b t a i n  

t a rge t   b r igh tness .  If it  i s  no t   poss ib l e   t o   r ega rd   t he   t a rge t   veh ic l e   a s  

a poin t   source ,   the   i l lumina t ion   a t   the   eye  must be  found  by  e i ther   calcu-  

l a t i n g   t h e   t o t a l   f l u x   e n t e r i n g   t h e   e y e  and   d iv id ing   by   the   a rea   o r  by aver- 
ag ing   the   i l lumina t ion  a t  each  point   of   the   pupi l   over  i t s  area .  A s  an 

example  of t h e   d i f f e r e n c e  between the   express ions  f o r  i l l umina t ion  a t  the  
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eye   for   po in t   sources  and  extended  sources,  consider a f l a t   d i s c   h a v i n g  

a d i f f u s e   r e f l e c t i n g   s u r f a c e .  For the   case  where the   d i sc   appears  as a 

point   source,   the   i l luminance  a t   the   eye E ( f o r  a zero  angle  between  the 

l i n e   o f   s i g h t  and the   i nc iden t   i l l umina t ion )  i s  given  by  the  inverse  

square l a w  as I/D , where, I, i s  t h e  normal  luminous i n t e n s i t y  of  t h e   d i s c  

and, D, i s  the   d i s t ance  from the   eye   to   the   d i sc .  For the  extended  source,  

the   i l luminance ,  %, becomes I / ( D 2 +  r ) where, r, i s  the   rad ius   o f   the  2 

d i sc .  It can be seen  that   the   i l luminance i s  arl exp l i c i t   f unc t ion   o f   t he  

s i z e  of   the  source  for   extended  source  targets .  If a one (1) percen t   d i f -  

ference i s  allowed  between  the  i l lumination  calculated  using  the  point 

source  equation  and  the  extended  source  expression, i. e. , D /( D2+ r ) =  0.99, 

t h e   d i s t a n c e   t o   r a d i u s   r a t i o  i s  about 10. The angle  subtended  by  the  disc 

diameter i n   t h i s   c a s e  i s  about 11 . This means t h a t  i f  t h i s  one (1) per- 

cen t   d i f f e rence  i s  allowable,  a ta rge t   could   be   as   l a rge   as  11' and t h e  

inverse  square law would s t i l l  b e   v a l i d   i n   c a l c u l a t i n g   t h e   i l l u m i n a n c e   a t  

t he   eye   ( r e f .  U). The d i f f u s e l y   r e f l e c t i n g   s u r f a c e  was used i n   t h i s   c a s e  
i n   o r d e r   t o   s i m p l i f y   t h e   e x p r e s s i o n  and t h e   a n a l y s i s .   I n   t h e   c a s e   o f  a 

d i f f u s e l y   r e f l e c t i n g   d i s c   i l l u m i n a n c e  i s  independent  of  the  viewing  angle. 

2 

2 2 

0 

Target  geometry. - Even  though a target   appears   to   the  eye as a 

point  i t s  ac tua l   phys i ca l   cha rac t e r i s t i c s  must  be  considered i n   d e t a i l   i n  

o rde r   t o   spec i fy  how  much l i g h t   e n e r g y   t h i s   p o i n t  will r e f l e c t   i n  any 

given  direct ion.  All of  the  space  vehicles  are made up  of  one o r  more of 

the  basic   geometr ic   shapes;   i .e . ,   d iscs  o r  f l a t   s u r f a c e s ,   s p h e r e s ,   c y l i n -  

ders  or cones.  Table V I  ind ica tes   the   b r ightness  of each  shape  and  the 

i l lumina t ion  a t  an   observer ' s   eye   as  a funct ion  of   i l luminat ion  incidence 

angle and viewing  angle. The br ightness   expressions (Ba), for   the   extended 

s o u r c e s   a r e   f o r   e q u i v a l e n t   f l a t   s u r f a c e s  and a d iscre te   case   about   the  

x-axis .   This   br ightness   approximation  for .   the   geometr ic   sol ids  i s  gener- 

a l ly   va l id   (depending  on t a r g e t   s i z e )   f o r   r a n g e s  down t o  one o r  two miles,  

where the   ob jec t  i s  no longe r   t r ea t ed   a s  a poin t  and may be  perceived as 

extended or three  dimensional.  It can   be   seen   tha t   the   cases   p resented  

provide  br ightness  and i l l uminance   fo r   f a i r ly   gene ra l   i n - space   l i gh t ing  
s i tua t ions .   F igu res  12 through 19 p r e s e n t   t h e   r e s u l t s  of ca l cu la t ions  

us ing   t he   equa t ions   i n   Tab le  VI. 
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The m a x i m u m  t a r g e t   v e h i c l e   s i z e  ( 2 0  f t .  diameter x 100 f t .  i n  

l eng th )   u sed   i n   t hese   f i gu res  was approximately  that   of   the   docked CSM 

and SIVB configurat ion.  However, i n   o r d e r   t o   i n d i c a t e   t h e   e f f e c t   o f  size 

on t r e n d s   i n   t a r g e t   b r i g h t n e s s ,   s i z e s  smaller t h a n   t h i s  m a x i m u m  were in -  

cluded i n  the ana lys i s .  If t a r g e t   v e h i c l e   s i z e s   l a r g e r   t h a n   t h e  docked 

CSM-SIVB are encountered, t h e  da ta   p resented  will provide a b a s i s  for 
ext rapola t ion .  

It might be noted  that   each  of t h e  equat ions   p resented   in   Table  

VI a r e  amenable t o   a n   e r r o r   a n a l y s i s .  The r e s u l t  o f  such  an  analysis  

would b e   t o   e s t a b l i s h   t h e   s e n s i t i v i t y   o f  t h e  r e su l t i ng   i l l uminance   t o  

each o f  t h e  parameters   involved   in   the   express ions .   This  may be use fu l  

in   p lanning   miss ion   opera t ions  and procedures.  If changes i n  one o r  more 

of  the  parameters  have l i t t l e   e f f e c t  on  the  result ing  value  of  luminance, 

i t  might be poss ib l e   t o   e s t ima te   r ange ,   fo r   i n s t ance ,   u s ing   b r igh tness  

comparison  techniques  without knowing the   exac t   va lues   o f   ce r t a in   t a rge t  

veh ic l e   cha rac t e r i s t i c s .  A s  an  example, e r ro r s   i n t roduced  by inaccuracy 

i n   e s t i m a t i n g   v e h i c l e   s i z e  may n o t   i n t r o d u c e   s i g n i f i c a n t   e r r o r s   i n  a 

judgment of   dis tance  based on  changing  brightness. A complete  analysis i s  

not   possible   within t h e  scope  of t h i s   s t u d y ,   b u t  i t  i s  an a rea  o f  poss ib le  

f u r t h e r   i n t e r e s t .  

Ta rge t   su r f ace   cha rac t e r i s t i c s .  - The i n t e n s i t y  o f  an i l lumina ted  

t a r g e t  i s  d i r e c t l y   p r o p o r t i o n a l   t o  i t s  re f l ec t ance  o r  albedo  and  the  specu- 

l a r i t y   o f  i t s  surface.   Reflectance i s  genera l ly   def ined  as t h e  percentage 

of l i g h t  which i s  r e f l e c t e d  by the   su r f ace  and,  except f o r  a few i s o l a t e d  

types  of   mater ia ls ,  i s  independent  of  the  wavelength  and  angle  of  incidence 

of the  i l luminat ing  rays .   Specular i ty   can  be  considered  as   the amount of  

surface  roughness o r  a measure  of t h e   d e v i a t i o n  from  tangency  of a micro- 

scopic   "facet"   of  the sur face   wi th   respec t   to   the   average   s lope   o f   the  

sur face .  

Bouguer p re sen t s   an   ana lys i s   o f   t hese   r e l a t ionsh ips   ( r e f .  4) f o r  a 

sphere. He assumes the  surface  to   be  covered  with  small   mirrors  whose 
deviation  from  tangency w i t h  the   s lope   o f   the   sur face  i s  some Gaussian 

d i s t r i b u t i o n   f u n c t i o n . ,  The r e s u l t s   o f   t h a t   s t u d y  were r e s t r i c t e d   t o  a 

spec i f ic   angle   o f   inc idence   o f   the   i l lumina t ing   rays  and a specif ic   viewing 



angle. They did,  however, i n d i c a t e  a marked v a r i a t i o n  i n  t h e   i n t e n s i t y  

p e r   u n i t  area of   the   t a rge t  as a func t ion   of   the   specular i ty  and t h e   p o i n t  

o n   t h e   t a r g e t ’ s   s u r f a c e  which was  being examined. The t o t a l   e n e r g y  re- 

f l e c t e d   t o  a given  point   by  the  surface was not   eva lua ted .   S ince   there  

was such a l a r g e   v a r i a t i o n   i n   t h e   i n t e n s i t y   p e r   u n i t  area, as a func t ion  

of   the  var iables   ment ioned above, a fu r the r   ana lys i s   u s ing  a more general  

approach  would  be  helpful i n  choosing  the  target   surface  coat ing  and 

shape.   This   coat ing  could  be  chosen  to   sat isfy  the  requirements   for  tar-  

g e t   v i s i b i l i t y  a t  long  range; i .e . ,  rendezvous  and  guidance  information, 

and t h o s e   f o r   s i z e  and shape  perception which  occur i n   t h e  docking  phase 

of a mission. It has   no t   been   ascer ta ined   tha t   e i ther  a d i f f u s e  or a 

specular  surface  completely satisfies ei ther   of   these  requirements .  

During  docking  and  close-in  inspection  of a t a r g e t ,  i t  i s  q u i t e  

d i f f i c u l t   t o   p e r c e i v e   t h e   s h a p e  geometry  of a specular   surface  i l luminated 

by co l l ima ted   sun l igh t   ( r e f .  18 ) .  Since   d i f fuse   su r f aces   r e f l ec t  imping- 

ing   rays  back i n  many d i r e c t i o n s  some sun l igh t   d i r ec t ed  back  toward the  

observer  from a l l  po in ts   o f   the   i l lumina ted   sur face  will e n t e r   t h e   p u p i l .  

For Specu la r ly   r e f l ec t ing   su r f aces ,   on ly   t hose   r ays   o f   l i gh t  which  have 

the  appropriate   incidence  angles  will be r e f l e c t e d   i n   t h e   d i r e c t i o n s   r e -  

q u i r e d   f o r   e n t e r i n g   t h e   p u p i l   o f  an  observer’s  eye  (see  Figure 11). Thus 

port ions  of  a spacecraf t  may be   e f f ec t ive ly   i nv i s ib l e   o r   t he i r   p re sence  

recognized  only  because  they  are   s i lhouet ted  against  known or  surmised 

v i s i b l e   o b j e c t s   i n   t h e   f i e l d   o f  view. 

One Gemini as t ronaut   reports   the   group  requested  that   rendezvous 

t a r g e t s  be e i the r   coa ted   w i th  a diffuse,   preferably  white  material o r  a t  

l e a s t  have por t ions   o f   the   sur face   covered   wi th   s t r ipes  which are d i f -  

f u s e l y   r e f l e c t i n g .   T h i s   f a c i l i t a t e s   p e r c e p t i o n   o f  shape-geometry,  close- 

i n   d i s t a n c e  judgment  and recogni t ion  o f  t a r g e t   L t t i t u d e .  

Table V I 1  desc r ibes   cha rac t e r i s t i c s   o f  some  of t he   su r f ace   coa t ings  

present ly   being  considered  for   port ions  of   the   Apollo  mission  vehicles  as 

” well as those   used   dur ing   the  Gemini - Agena missions. 

T a r g e t   v e h i c l e   l i g h t s .  - Running l i g h t s  are to   be  used  on  the 
Apollo mission  vehicles ,  as they were on G e m i n i ,  t o  assist t h e   a s t r o n a u t s  

i n  judg ing   t a rge t   veh ic l e   a t t i t ude   du r ing   Ea r th   n igh t s ide  act ivi t ies .  
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Table VI11 presents  the  colors  and  intensity  outputs of the  various  types 
of running  lights  being  used.  During  the  Gemini IX mission,  astronaut 
Cernan  stated  that  he  was  able  to  perceive  the  red  running  light on the 

Augmented  Target  Docking  Adapter (ATDA) at  a maximum  distance of 8 n.m. 
while  backing  away. He a lso  stated  that  while  approaching  the  target 

from e range of five  miles,  the  running  lights  could  be  seen  in  the 
following  order:  red,  amber,  green.  These  facts  seem  to  indicate  the 

possible  use of recognition of running  light  colors  as  a  source of gross 

range or range  rate  information  since  the  colors  seem  to  be  discriminable 

as  a  function of range.  The  basis for this  may  be  understood  from 8 

curve  showing  the  relative  sensitivity of the  light  adapted  eye  to  various 

wavelengths  in  the  visible  spectrum  (Figure 21). 

Acquisition  beacons. - In the  Gemini  rendezvous  missions  and  the 
proposed  Apollo  missions a  flashing  Xenon  beacon  was,  and  is  to  be  the 

acquisition  light. An acquisition  beacon  facilitates  visual  detection 

of the  target  when  both  chaser  and  target  are  in  the Earth's shadow. 

Table IX presents  the  intensities f o r  beacons  used on Gemini  flights  and 

those  which  are  presently  proposed.  for  use  during  the  Apollo  missions. 

The  vaiucs  given  in  this  table  are  those  measured  in  the  direction of 

maximum  beacon  output  and  include  the  brightness  effect  due  to  the  Blondel- 

Rey  factor  (ref. 3). It must  be  noted  that,  due  to  asymmetry  in  the  lamp 
output,  beacon  intensity  varies  with  the  direction  from  which  it  is  viewed. 

whether  flcshing or steady. A curve  showing  the  typical  variation of in- 

tensity  with  viewing  angle is  given  in  Figure 22. The  beacon  intensity  is 

given  in  beam  candle  power  seconds  (i.e., I t see  below),  and  as  such  the 

Blondel-Rey  factor  effect  is  not  apparent  in  the  light  output  presented  in 

this  figure.  The  threshold  intensity of flashing  lights  is  increased  over 

f P' 

that of  a steady  light  in 

I =  

In this  expression, I = 

If - - 

t =  
P 
a =  

a  manner  described  by  the  following  expre.ssion: 

If tp 
t + a  

steady  source  intensity 
flashing  source  intensity  required  to 
appear  as  bright  as Is 
flash  duration 

Blondel-Rey  factor - 0.21 seconds 

P 

Our  experience  has  shown  that  the  equation  above  can  be  easily  mis- 
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understood. Th i s  expres s ion   does   no t   s t a t e   t ha t   t he   f l a sh ing   l i gh t   has  a 
higher   apparent   br ightness   than a steady  source.  Rather, it makes t h e  

opposite  statement, i .e . ,  t h a t  i f  a f l a s h i n g   l i g h t  i s  to   appear  as b r i g h t  

as a steady  source, it must  have a peak i n t e n s i t y  which i s  g r e a t e r   t h a n   t h a t  

of  the  steady  source.  A s  t h e   f l a s h   d u r a t i o n   d e c r e a s e s ,   t h e   f l a s h   i n t e n s i t y  

required t o  appear as b r i g h t  as a given  s teady  source  intensi ty  in- 

creases.  A common er ror   occurs  when the  expression i s  w r i t t e n   i n   t h e  form: 

This  form  seems t o   i n d i c a t e  t h a t  t h e   f l a s h i n g   l i g h t   i n t e n s i t y  must  always 

appear   to  be greater   than  the  s teady  source when i n   a c t u a l i t y  i t  s t a t e s   t h a t  

i n   o r d e r   t o   a p p e a r  as b r i g h t  as the   s teady   source ,   the   f lash ing   source  must 

be grea te r   ( see   F igure  23). 
F o r   f l a s h   i n t e n s i t i e s  above  the  visual  threshold,   the  expression i s  

t h a t   a r r i v e d  a t  by Hampton ( r e f .  11): 

where, Ef = I l l umina t ion  a t  the  eye  (flashing  source)  in  lumens/square 
kilometer 

E = I l lumina t ion   a t   the   eye   ( s teady   source)   in   lumens /square  
kilometer 

'Flashing  lamps  are   ra ted  in   candle-seconds which, i n   r e g a r d   t o   t h e   e x p r e s s i o n  

above, i n d i c a t e s   t h a t  if the   f lash   dura t ion  (t ) i s  shor t   (on  the order of -001 

the   p roduct   o f   the   f lash   in tens i ty  and du ra t ion  i s  increased  by  the  factor ,  

l/a. 

P 

Spacec ra f t   Cha rac t e r i s t i c s  

Op t i ca l  media. - The spacec ra f t  window is the   p r imary   op t ica l  medium 
through  which  the  astronaut  views  the  target  vehicle.   Table X presen t s   t he  

c h a r a c t e r i s t i c s   f o r   t h e  Gemini, Apollo CM and LM windows. I n c l u d e d   i n   t h i s  

t a b l e   a r e   t h e   f i e l d   o f  v i e w  a n g u l a r   s i z e ,   v i s i b l e   l i g h t   t r a n s m i s s i o n   f o r   t h e  
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l1cleantr window and  percent scatter. 

A l l  o f   t he   da t a   fo r   pe rcen t   t r ansmiss ion   and  scatter i s  o p t i m i s t i c  

s ince  it rep resen t s   p re - f l i gh t  measurements. It was shown i n   p o s t - f l i g h t  

measurements  on the  Gemini  and unmanned Apollo windows t h a t   t h e y   t e n d   t o  

become coa ted ,   r e su l t i ng   i n  a p r o g r e s s i v e   d e g r a d a t i o n   i n   l i g h t  trans- 

mission  and  resolution.  This same r e s u l t   h a s  a l s o  been  noticed i n   t h e  

SC-002, SC-009, and t o  a lesser degree i n   t h e  SC-011 Apollo CM f l i g h t s .  

Post-flight  measurements made on Gemini and t h e  f i rs t  unmanned Apollo 

f l i g h t s   i n d i c a t e   t h a t  a t  b e s t ,  window transmission i s  75-80 percent  and 

on  Gemini 5 ,  a window transmission  of  20-25 percent  through a h ighly  con- 

taminated  area was measured.  Since these were pos t - f l i gh t  measurements 

and the   e f fec ts   o f   re -en t ry   on   the  amount of  contamination i s  not  known, 

they must only  be  considered as qual i ta t ive   resu l t s .   Al though  the   as t ro-  

nauts   have   s ta ted   tha t   the  windows were I 'dirtyt1  during t h e  orb i t   phase  o f  

t h e  Gemini missions,  no quant i ta t ive   t ransmiss ion   da ta  was obtained  during 

the   f l igh ts .   Transmiss ion   losses  are of  importance,  but i t  must be r e a l -  

i z e d   t h a t  a d e c r e a s e   i n   t r a n s m i s s i o n   t o  as l i t t l e  as 40 percent  only  de- 

creases  the v i s i b l e  s te l lar  magnitudes by about  one (1). The  more impor- 

t a n t   e f f e c t  i s  the  i n c r e a s e   i n   l i g h t   s c a t t e r e d   i n   t h e   c o n t a m i n a n t   l a y e r .  

This  t e n d s   t o  IlveilI' t h e   v i s u a l   f i e l d   b y   d e c r e a s i n g   t h e   c o n t r a s t   r a t i o  

between t h e   t a r g e t   v e h i c l e  and i t s  background. 

I n   t h e  f i rs t  Gemini f l i g h t  which  used  an  acquisition  beacon, 

v i sua l   acqu i s i t i on   r ange  was 1 2  n.m. which was less than i t s  spec i f i ed  

detection  range  of 20  n.m. A s  can  be  seen  from  Table I X ,  t h e   o u t p u t  o f  

l a t e r  beacons was increased;   p r imar i ly   to  alleviate t h i s  problem.  Studies 

i n i t i a t e d   d u r i n g   t h e  time p e r i o d   i n  which the  beacon  output was increased,  

i nd ica t ed   t ha t   t he   ve i l i ng   l uminance ,   r e su l t i ng   i n   dec reased   con t r a s t ,   i n  

t he   spacec ra f t  windows and  the  ambient   internal   l ight ing  levels   caused  the 

decrease i n   s i g h t i n g   r a n g e  from t h a t   o r i g i n a l l y   s p e c i f i e d .  When the  beacon 

was considered as a t a rge t   aga ins t   t he   i l l umina ted  window t h e   d a t a  were 

s imi la r   to   those   ob ta ined   by   Blackwel l   ( re f .  2 )  f o r   c o n t r a s t   t h r e s h o l d s .  

The  window p r o v i d e s   a n   a d a p t a t i o n   f i e l d   f o r   t h e   a s t r o n a u t  which i s  
independent   o f   the   spacecraf t   in te rna l   l igh t ing  when sun l igh t   o r   ea r th -  

l i g h t   i l l u m i n a t e s   t h e  window. For   n igh t s ide   ope ra t ions ,   ex t e rna l   l i gh t  
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levels  are  too  low  to  produce  light  scatter  in  the  windows  and  except for 

internal  reflections,  which  are  minimized  by  special  coatings,  windows  do 
not  degrade  visibility  beyond  that  caused  by  the  contaminants. 

The  Apollo  alignment  optical  telescope (Am) is  installed  in  the 
lunar  excursion  module (IN) and  is  used  for  aligning  the  inertial  guidance 
system. In the  Apollo  Command  Module  a  Combination  scanning  telescope  and 
sextant  is  installed  for  use  in  obtaining  guidance  and  navigation  informa- 
tion.  Table XI presents  the  optical  characteristics of each of these 
instruments. 

When  an  optical  device  is  used  by  the  astronaut  for  visual  acquisi- 
tion of a  target,  the  optical  gain  must  be  considered.  Optical  gain  in  the 
case of a  point  source  which  remains  a  point  source  after  magnification  oper- 
ates  only  to  increase  its  apparent  brightness.  This  is  because,  by  defini- 
tion,  the  point  source  apparent  brightness  remains  a  function of source 
intensity  and  not  a  function of its  area  as  distance is decreased. In the 
case of an  extended source;the optical  gain  operates  to  provide  linear 
magnification as well  as  an  apparent  intensity  increase. The combination of 
these  tend  to  nullify  each  other  as  is  demonstrated  by  the  following  equation: 

2 TDi 
Optical  Gain = G = - 

-n O P  
D2M2 

(ref. 8) 

where, if Do > 

T =  
Di - - 
D =  
0 

Mi = 

u i - 

optical  transmission 
objective  diameter 

natural  eye  pupil  diameter  when  observer is  adapted  to 
the  true  background  brightness  without  the  instrument 
linear  magnification 

If the  target  vehicle  still  appears 
cation,  the  gain  is  given  as: 

TD! 
G = -  

.r 2 
1 

DO 

Spacecraft  internal  lighting. - The 

as  a  point source after  magnifi- 

(ref. 8) 

luminance  levels  within  space- 
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c r a f t  are va r i ab le ,  from a m a x i m u m  of  about 10-20 f o o t  Lamberts t o  a lower 

level   of   about  lo-' foot  Lamberts.  Figure 24 shows the  photometric  measure- 

ments  taken  within  the Gemini V spacecraf t   dur ing  a dayl ight   por t ion   o f   the  

f l i g h t .  These  values are qu i t e   h igh  when compared t o   t h o s e   i n   F i g u r e  25, 

which were measured i n  a pos t - f l i gh t   r e - c rea t ion   o f   t he   i n - f l i gh t   n igh t s ide  

i n t e r n a l   l i g h t i n g   l e v e l s .   I n   t h e   e a r l y  Gemini f l i g h t s ,   t h e r e  was no con- 

ce r t ed   e f fo r t   on   t he   pa r t   o f   t he   a s t ronau t s   t o   da rk   adap t   p r io r   t o   v i sua l  

a c q u i s i t i o n   o f   t a r g e t   v e h i c l e s .   T h e i r   v i s u a l   s e n s i t i v i t y  was determined 

la rge ly   by   in te rna l   cab in   luminance .  Thus, detect ion  ranges were l e s s   t h a n  

were o r ig ina l ly   p red ic t ed .  On l a t e r  f l i g h t s  ( V I I I - X I I )  a n   e f f o r t  was  made 

to   dec rease   t he   spacec ra f t   i n t e rna l   l i gh t ing   t o  i t s  minimum v a l u e s   a t   l e a s t  

on t h e  command p i l o t ' s   s i d e  and a rather  obvious  performance  increase was 

noted (see Figure 26). In   the   case   o f   Apol lo ,   the   i l lumina t ion   leve ls  are 

t o   b e  of  t he  same magnitude as t h o s e   i n  Gemini. To maximize  de t ec t ion  

ranges  the  navigator ts   port ion of  t he   spacec ra f t  must,   therefore,  be kept 

a t  t h e  minimum l e v e l   p r i o r   t o   h i s  making s igh t ings   u s ing   d i r ec t   op t i ca l  

means o r  the  scanning  telescope-sextant  equipment.   This i s  a l s o  t r u e   f o r  

t h e  command p i l o t ' s  area dur ing   v i sua l   rendezvous   por t ions   o f   the   f l igh t .  

A detachable Ifhood" o r   l i g h t   s h i e l d  would h e l p   t o   a l l e v i a t e  any  adaptation 

problems  by  masking  out   the   internal   l ight ing  required  by  one o r  more of 

t he   a s t ronau t s  a t  a l l  times in   o rde r   t o   mon i to r   i n s t rumen t s  and  perform 

var ious   ca lcu la t ion  and logging   tasks .  

V i s u a l   S e n s i t i v i t y  and the  Physical  Environment 

f lEf fec t ive l l   b r igh tness   f ie ld .  - The previous  discussion  has   been 

concerned  primarily  with  the  physical  environment as it exists i n  space a d  

not i t s  e f f ec t   on   t he  eye; the   excep t ion   be ing   i n   t he   d i scuss ion   o f   pup i l  

s i z e  as it re l a t e s   t o   d iv i s ion   o f   t a rge t s   i n to   "po in t f1   sou rces  and "ex- 

tended"  sources. All t he   f ac to r s   d i scussed  above  must  be  assessed  to  de- 

termine a t o t a l   f f e f f e c t i v e f f   b r i g h t n e s s   f i e l d  o r  background  of  the  visual 

environment. The ambient  i l luminance  of  the  spacecraft   cabin,   the Ilsur- 

round" o r  background  illuminance  transmitted  by  the window and the   i l lumin-  
ance  of   the  target  i t s e l f ,  a l l  c o n t r i b u t e   t o   t h e   l f e f f e c t i v e f f   b r i g h t n e s s   f i e l d .  
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Visua l   s ens i t i v i ty .  - Since   the   v i sua l   sys tem  bas ica l ly   ad jus t s  i t s  

s e n s i t i v i t y   g r a d u a l l y  as a funct ion  of   the amount :of l igh t   energy   rece ived  

pe r   un i t   t ime   ( s ee  p. 42 ), t h i s  l l e f fec t ive"   f ie ld   es tab l i shes   the   adapta-  

t i o n  luminance.  This, i n   t u r n ,   d e f i n e s   t h e  m a x i m u m  sens i t i v i ty   t he   eye   can  

a t t a i n .  

Figure 25 shows minimum t a r g e t   i n t e n s i t y   r e q u i r e d   f o r   d e t e c t i o n  as 

a funct ion o f  t h e  background  luminance t o  which the   a s t ronau t  i s  adapted. 

The range shown covers a l l  o f  t he   p robab le   v i sua l   s i t ua t ions  which the  

astronauts  would encounter. The equiva len t   s te l la r   magni tudes   (ear th   based  

observa t ions)   for  a g iven   t h re sho ld   a r e   p re sen ted   i n   t h i s   f i gu re .  

A typ ica l   adapta t ion   curve  which ind ica tes   the   th reshold   i l lumina-  

t i o n   a t   t h e   e y e  as a func t ion  of the  t ime  in  complete  darkness i s  given i n  

Figure33. It can  be  used  to   es tabl ish  the  threshold  levels   which  can  be 

expec ted   for   as t ronauts   a f te r  a given amount of  time i n  darkness  portions 

o f  an o r b i t .  

A much more de ta i led   d i scuss ion  of  v i s u a l   s e n s i t i v i t y  i s  given i n  

the  section  beginning  on p. 40. 

Operational  Flight  Experience 

In   o rde r   t o   a s ses s   t he   u se fu lness  of  the   ana ly t ica l   express ions  and 

d iscuss ions   p resented   in   the   p receding   sec t ions ,  an attempt  has  been made 

t o  combine the   v i sua l   s igh t ing   i n fo rma t ion  from seve ra l  of   the  actual  Gemini 

missions (GT-V through GT-IX) wi th   the  data   produced  here   analyt ical ly .  The 

mission  reports   yielded  information  such as t h e   p o s i t i o n   i n   o r b i t  wi th  r e s -  

pect   to   the  ear th   night-day  terminator   l ine,   the   s ight ing  dis tance,   the   type 

of   t a rge t   vehic le   involved ,   the   source   o f   i l lumina t ion   or   luminance   in   the  

case  of  beacon  sighting  (see  Table XII). In   addi t ion ,   in format ion  was pre- 

s e n t e d   f o r   i n i t i a l   a c q u i s i t i o n   r a n g e  and apparent   s te l lar   magni tude as well 

as fo r   t he   appa ren t   b r igh tness   o f   t he   t a rge t  a t  var ious times subsequent   to  

i t s  i n i t i a l   s i g h t i n g .  Such  parameters as window transmission  and  target   re-  

f l e c t i v i t y  have   been   ass igned   typ ica l   va lues   in   o rder   to   fac i l i t a te   the  
ana lys i s .   Wi th   t h i s   i n fomat ion ,  it i s  p o s s i b l e   t o   c a l c u l a t e   t h e   i l l u m i n a -  
t i o n  a t  the  eye ( E )  using  the  expressions  presented  in   Table  VII. The 
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threshold  values  can  then be compared wi th   t he   da t a   p re sen ted   i n   F igu re  25, 

to  obtain  the  background  luminance  under which a t a rge t   o f   t he   ca l cu la t ed  

i n t e n s i t y  would be  perceptible.  These  background  luminances  have  been com- 

pared  with  the  typical  background  luminances  presented i n  Table I V  i n   o r d e r  

t o   e s t a b l i s h   t h e   v a l i d i t y   o f   t h e   a n a l y s i s .   I n  all bu t  two o f  t he   ca ses  

examined f o r  t h e  Gemini f l i g h t   d a t a ,   t h e r e  was a c l o s e   c o r r e l a t i o n  between 

existing  background  luminance and those which the   ana lyses   p red ic t .  These 

r e s u l t s   a r e   p r e s e n t e d   g r a p h i c a l l y   i n   F i g u r e  26. It was not   possible   with 

the   in format ion   ava i lab le   in   the   miss ion   repor t s   to   comple te ly   and   accura te ly  

recons t ruc t   the   cha in   o f   events   l ead ing   up   to   the   observa t ions  made by t h e  

a s t ronau t s   bu t  i t  i s  assumed tha t   t he   l eve l s   o f   bo th   t he   t t ques t ionab le f t  

points  could  be  explained  with more de ta i led   in format ion   ava i lab le .  

Two d i s t i n c t   d i f f e r e n c e s  exist between t h e   a n a l y t i c a l   r e s u l t s  ob- 

t a i n e d   f r o m   f l i g h t s   p r i o r   t o  GT-VI11 and t h o s e   f o r  GT-VI11 and the  subse-  

quent  missions. By  way of an  explanat ion it i s  known t h a t   f o r  a l l  f l i g h t s  

a f t e r  GT-VI and GT-VI1  missions,   the   as t ronauts  were i n s t r u c t e d   t o  make a 

conce r t ed   e f fo r t   t o   da rk   adap t   be fo re   v i sua l ly   s ea rch ing   fo r   t he   t a rge t  

vehicle .   This  was accomplished  by  reducing  the  internal  spacecraft  illumi- 

nat ion   and   the   i l lumina t ion   of   the   bores ight   re t ic le   to  minimum leve ls   on  

the  command p i l o t ’ s   s i d e . . o f   t h e   c a b i n ,   u s i n g  a handhe ld   l i gh t   sh i e ld   i n  some 

cases  and us ing   on ly  a minimum working i l l u m i n a t i o n   l e v e l  on t h e   p i l o t l s   s i d e  

of the  cabin.  It  can   be   seen   tha t   the   da ta   p resented   subs tan t ia tes   the   va lue  

of t h i s   p rocedure   s ince   t he   adap ta t ion   l eve l   fo r   mi s s ions  af ter  G T - V I 1  was 

about  one  and a ha l f   l og   un i t s   l ower   t han   t ha t   expe r i enced   du r ing  GT-VI1  and 

e a r l i e r   f l i g h t s .  

Approximations were used i n  t h e  above ana lys i s   for   vehic le   shape .  

The ATDA, f o r   i n s t a n c e ,  was assumed t o   b e  a d i f f u s e l y   r e f l e c t i n g   w h i t e  cone 

s ince   the   major   por t ion   o f   the   a t tached   cy l indr ica l   a f te rbody had a low re- 

f lec tance   coa t ing .  The Gemini adaptor   sec t ion ,  i t s  major  source  of  reflected 

sunl ight ,  was approximated as a cyl inder ,   again  with a d i f f u s e l y   r e f l e c t i n g  

white  coating. 

The de r iva t ion   o f   t h i s   I t adap ta t ion f t   cu rve  is  t y p i c a l  of  the   types   o f  
analyses which may be  accomplished  using  the  physical  environment  parameters 

discussed in   t he   p reced ing   s ec t ions .  It i s  possible   not   only  to   provide 



. .  

approximate  values where they  are   missing,  as i n   t h e   a n a l y s i s  above, but  

a l s o  t o  use  the  approximate  values which  can  be evaluated i n  order   to   pro-  

vide  hardware  design  specifications and operat ional   procedures   for   exis t ing 

hardware. 
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MEASURING VISUAL CAPABILITIES 

The eye i s  a sensor which  normally  responds to   e lec t romagnet ic  

r a d i a t i o n s   i n  a specif ic   region  of   the  spectrum.  These  radiat ions,  i f  of 

s u f f i c i e n t   e n e r g y   t o   e x c i t e  t h e  v i sua l   r ecep to r s  are termed  the  adequate 

s t imu l i   fo r   t he   v i sua l   s ense .  Other forms  of  stimulation,  such as a blow 

on the head, may lead to   v i sua l   s ensa t ions   such  as the   p roverb ia l   " see ing  

stars", but   these  are n o t   t h e   s t i m u l i   t o  which t h e  receptor  i s  designed  to  

respond. The r i c h  and  complex  world  of  sensation  and  perception  can,  to a 

cer ta in   degree,   be   analyzed  in  terms of  r e l a t i o n s h i p  between r e l a t i v e l y  

simple  stimulus  situations  and  the  corresponding  response  of  the  organizm. 

These r e l a t i o n s h i p s   c a n   i n  many cases   be   t r ea t ed   qu i t e   p rec i se ly .  The 

study o f  such   re la t ionships  i s  generally  termed  psychophysics. 

The conduct  of  experiments, the  gathering  of  data,   and  the  theo- 

r e t i ca l   desc r ip t ion   o f   r e l a t ionsh ips   be tween   s t imu lus   s i t ua t ions   and   t he  

r e su l t s   t hey   p roduce   can   be   t r ea t ed   en t i r e ly   on   t he  basis o f  observable 

phenomena without  any  reference  to  concepts  such as mind. Psychologis ts  

have waged many batt les over  whether  psychology is ,  on  the  one  hand,  the 

study  of  the  mental  l i f e  of  a person,   or ,   on  the  other ,   the   object ive and 

repea tab le   observa t ions  of behavior ,   or  a thousand  intermediate  posit ions.  

We s h a l l   f i n d   t h a t  many o f   t he   p rob lems   d i r ec t ly   r e l evan t   t o   t he   app l i ed  

s i tuat ion  can  be  t reated  without   any  reference  to  what t he   i nd iv idua l  

th inks ,   o r   to   the   concept   o f  mind. While knowing t h a t  persons  think i s  

h e l p f u l   i n   p r o v i d i n g   i n s i g h t s  and  suggestions  regarding  the  processes  under- 

l y ing   s ensa t ion  and percept ion ,   the   ga ther ing   of  data and t h e  establ ishment  

o f   r e l a t i o n s h i p s   o f   p r i m a r y   i n t e r e s t   i n  t h e  app l i ed   s i t ua t ion   can  be based 

e n t i r e l y  upon observable  behavior. Thus, a typical  experiment  might re- 

qui re   an   observer   to   p ress  a bu t ton  when he sees a cer ta in   s t imulus .  By 

present ing enough s t imu l i ,   u s ing  enough subjec ts ,  and ga ther ing  many such 

responses ,   cons is ten t   and   re l iab le   re la t ionships   can   be   repea ted ly   ob ta ined .  

The study  of  behavior i s  d i f f i cu l t ,   bu t   no t   because  t h e  techniques 

a r e   e x c e p t i o n a l l y   d i f f i c u l t   t o  master. Rather,  t h e  problem arises because 

behavior i s  multiply  determined,  and it i s  e x c e e d i n g l y   d i f f i c u l t   t o   i s o l a t e  

and con t ro l   t he   va r i ab le s  which  produce  and  modify  specific  behavior.  This 
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r e su l t s   i n   t he   u se   o f   expe r imen ta l   s i t ua t ions  which are o f t en   h igh ly   i dea l -  
i z e d  and qu i t e   s imp l i f i ed   i n   o rde r   t o   r educe   t he   va r i ab i l i t y  which  might  be 

produced  by  an  enriched  stimulus  environment. It l e a d s  to t h e   u s e   o f   l a r g e  

numbers o f   sub jec t s  i n  such  carefully  controlled  experiment6 i n  o r d e r   t o  re- 

duce   the   var iab i l i ty  which  occurs as a func t ion   of   d i f fe rences  among i n d i -  

viduals .  It l e a d s  t o  t h e   u s e   o f   e l a b o r a t e   s t a t i s t i c s  and experimental  de- 

s igns  which permit  one  to  control,   randomly  distribute,  o r  analyze  the 

effects   of   experimental   t reatments  as wel l  as f ac to r s   such  a8 prac t i ce ,  

mptivat ion,   e tc .  It l e a d s  t o  t h e   u s e   o f   s t a t i s t i c a l   p r o b a b i l i t y   s t a t e m e n t s  

def ining a r e l a t i o n s h i p   b e c a u s e ,   i n   s p i t e  of all e f f o r t s   t o  do better, some 

v a r i a t i o n   n o t  due to  experimental   manipulations s t i l l  i s  p r e s e n t   i n   t h e  

data   der ived.  It leads,   unfor tunately,   to   an image  of  psychology as t h e  

study  of  white rats and co l l ege  sophomores. 

Here,  &other  important  point must  be made. There i s  r a r e l y  a one 

t o  one re la t ionship   be tween  the   phys ica l   s t imulus   s i tua t ion  and t h e  psycho- 

log ica l   r e sponse   t o   t ha t   s t imu lus   s i t ua t ion .  An example  which will prob- 

ably  be  most familiar to   the   engineer ing  community i s  t h a t  of t h e   r e l a t i o n -  

sh ip   i n   acous t i c s   be tween   t he   i n t ens i ty   o f  a sound  and its loudness.  Note 

t h a t  a d i s t i n c t i o n  i s  made between the   phys i ca l   quan t i ty ,   i n t ens i ty ,  and 

the  psychological  quantity,   loudness.  The audio  engineer i s  familiar with 

equal  loudness  contours which i n d i c a t e  t ha t  tones of  var ious  f requencies  

must  be v a r i e d   i n   i n t e n s i t y  as much as 70 t o  80 db to   appear   equal ly   loud,  

and that  the  magnitude  of  the  intensity  change  required  varies as a funct ion 

of   the  loudness   level   desired.  Any good contemporary  high f i d e l i t y  system 

will have some means of   ad jus t ing   loudness   contour   to   compensa te   for   th i s  

r e l a t ionsh ip .  

Q u i t e   c l e a r l y ,  however, t h e r e   a r e   c e r t a i n   a s p e c t s  of t he   phys i ca l  

wprld  which, when systematically  varied  produce  consistent  though  probably 

nonlinear  changes i n  response. In  sensory  psychology when such a r e l a t i o n -  

sh ip   ex is t s   be tween some simply  defined  stimulus  dimension and a psycholo- 

gical  dimension, we can  speak  of   the  physical   s i tuat ion as a Itcue11 t o  t h e  

psychological  dimension. As will be  seen i n   t h e   d i s c u s s i o n  of d i s t a n c e  
percept ion,   d i f ferences  in   the  angular   posi t ion  of   images on t h e   r e t i n a e  

of the  two eyes  serve as one  cue fo r   dep th  o r  dis tance  percept ion.  The 
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concept  of  cues i s  an  extremely usefu l  concept   for   our   purposes ,   for  i t  en- 

ab le s   u s   t o  examine the  physical  environment  and  derive  from i t  poss ib le  

bases upon  which t h e  v i s u a l  system  could  derive  the  desired  guidance and 

con t ro l   i n fo rma t ion .   In   ac tua l i t y   t he   i nd iv idua l  rarely perce ives  a s ing le  

psychological  continuum  in  isolation,  unaffected  by  other  physical ,   physio- 

l o g i c a l  o r  psychologica l   fac tors .   Indeed ,   the   en t i re  ffGestaltrf school or" 

psychology was b u i l t  upon the   p remise   tha t   ind iv idua ls   respond  to   the i r  

total   s t imulus  environment .   In   any  case,   our   experiences  in   responding t o  

s t i m u l i   r a r e l y   t a k e   t h e  same form as   the  experimental   s ta tement  o f  re la"  LIon- 

ships  between  physical  and psychologica l   quant i t ies .  

I n   a d d i t i o n   t o  a l l  of   the  considerat ions  discussed  above,  we must 

i n d i c a t e   t h a t   t h e   l i t e r a t u r e  on  visual   percept ion i s  voluminous  and i t  i s  

beyond the   s cope   o f   t h i s   s tudy   t o  review i t  a l l .  What has  been  attempted 

i s  a s e l ec t ive   r ev iew  o f   ma te r i a l s   wh ich   bea r   d i r ec t ly   on   t he   ab i l i t y   o f  

t he   a s t ronau t   t o   s ense   pa r t i cu la r   t ypes   o f   i n fo rma t ion  which could  be  used 

for  guidance  and  control  of a spacecraft  rendezvous. 

Most of   the  information  contained  herein comes from s tud ie s  which 

were  conducted well before   the   requi rements   o f   spacef l igh t  were es tab l i shed .  

No sys t ema t i c   fo rmula t ions   ex i s t   fo r   i n t eg ra t ing   t hese   da t a   w i th  one another ,  

much l e s s   a p p l y i n g  them t o  a complex operational  problem.  Small   differences 

i n  method  and p rocedure   p roduce   l a rge   d i f f e rences   i n   t he   app l i cab i l i t y   o f  

resu l t s   to   appl ied   p roblems o r  t o  one another.  Taylor ( r e f .  8 ) s t a t e s :  

l l . . .Since  the  bir th   of   experimental   psychology  a l l  
a spec t s  of visual  experience  have  been  subjected  to  even 
more r igorous  and quant i ta t ive   exper imenta t ion .  A s  a r e -  
s u l t   t h e   s c i e n t i f i c   l i t e r a t u r e  abounds i n   d a t a   r e l a t i n g  
t o   t h e   v i s u a l   p r o c e s s .  On c lose   inspec t ion ,   unfor tuna te ly  
i t  becomes c l e a r   t h a t   o n l y  a very small propor t ion   of   these  
da t a  are usefu l   in   formula t ing   product ive   t echniques .  

... Experiments ... have  been  designed t o   i s o l a t e  and  study 
single  parameters  of  visual  performance..   .and are, except 
f o r  rare i n s t a n c e s ,   d i f f i c u l t   t o   a p p l y   d i r e c t l y   i n   s o l v i n g  
a p p l i e d   v i s i b i l i t y  problems ... Applied  experiments   . . .y   ie lded 
resul ts ,   which. .   . tend  to  be d i r e c t l y   u s e f u l   f o r  a s p e c i f i c  
s i t u a t i o n ,  and  which a l l  too   o f ten   d i sappear   in to   l imbo  as  
soon as t h e  emergent  problem  has  been  solved." 

Accordingly,   the   judgment   of   the   individual   in   using  and  applying  this   data  
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are of  prime  importance. 

Re la t ed   t o   t hese   cons ide ra t ions  i s  the   f ac t   t ha t   du r ing   t he   p repa -  

r a t i o n  of  t h i s  document f requent   discassion  arose  concerning  an  appropriate  

approach. From one  viewpoint i t  would be  most u se fu l  i f ,  i n   t h e  absence  of 

t o t a l l y   o b j e c t i v e   c r i t e r i a ,   t h e  judgment  and experience of t h e   a u t h o r s  

could be u t i l i z e d   t o  form  usable estimates of the   var ious   parameters   in -  

f luencing  visual  performance. On the   o the r  hand, s t r i c t   s c i e n t i f i c   r i g i d i t y  

f requent ly   o f fe red  no a l t e rna t ive   t han  t o  d i sca rd  a p a r t i c u l a r   r e p o r t e d  re- 

s u l t   a s   n o t   b e i n g   e x a c t l y   r e l e v a n t   t o   t h e   q u a n t i f i c a t i o n   o f   t h e   v a r i a b l e  

being  studied.  Again  quoting  Taylor ( re f .  8 ) :  

"The job   of   eva lua t ing   e i ther   the   suf f ic iency  o r  
t h e   a p p l i c a b i l i t y  of some piece  of   reported  research 
i s  time consuming admi t t ed ly ,   ye t   t o   t ake  it on f a i t h  
that  an  adequate  study  has  been  performed  because  the 
t i t l e  and a b s t r a c t  sb s t a t e  i s  sometimesdisasterom." 

Actual ly ,  we judge  our  produce  to be a r e su l t   o f   bo th   po in t s   o f  view f o r  we 

have  attempted t o   a t   l e a s t   i l l u s t r a t e   t h e   q u a l i t a t i v e   n a t u r e   o f  phenomena, 

but  also  by  example t o   i n d i c a t e   t h e   n e c e s s i t y   f o r  more exact ing  s tudy  of  

t h e   p a r t i c u l a r   s i t u a t i o n s   r e p r e s e n t a t i v e  of   the  spacef l ight   visual   environ-  

ment. 

For t he   r eade r   i n t e re s t ed   i n   pu r su ing   fu r the r  some of   the  areas   of  

s tudy  presented  here ,   the   fol lowing  sources   are  recommended: 

For general   reviews  of  visual  perception. 

Vision and Visual  Perception; C .  H. Graham (Ed). 

Handbook Experimental  Psychology; S. S. Stevens  (Ed).  

L ight ,  Colour and Vision; Y .  LeGrand. 

Handbook of Human Engineering  Data;  Tufts  College. 

For analysis   of   visual   problems  as   ap<l ied t o  space f l igh t .  

Vision i n  Mil i tary  Aviat ion;  J .  W. Wulfeck, e t  a l .  

Bioastronaut ics   Data  Book; P. Webb (Ed).  

Visual Capabi l i t i es   in   the   Space   Envi ronment ;  C. A .  
Baker  (Ed). 

Fo r   sys t ema t i c   t r ea tmen t s   o f   v i s ib i l i t y .  
Vis ion  Through t h e  Atmosphere; W. E. K .  Middleton. 
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V i s i b i l i t y ;  S. Q. Duntley, e t  a l .  

For genera l  ar t ic les  on  vis ion i n  space f l igh t .  

Seeing a S a t e l l i t e  from a S a t e l l i t e ;  I. Schmidt. 

For general  methods  and  procedures i n   b e h a v i o r a l  measurement. 

Experimental Methods  and Instrumentation  Psychology; 
J .  B. Sidowski  (Ed). 

S t a t i s t i c a l   P r i n c i p l e s   i n   E x p e r i m e n t a l  Design; 
B. J. Winer. 

The fol lowing  sect ions on v i sua l   capab i l i t i e s   d i scuss   t he   a r ea   o f  

v i sua l   sens i t iv i ty ,   the   sens ing   of   c ross   range   in format ion  and the   sens ing  

of   range  information.   In   the  sect ion on v i s u a l   s e n s i t i v i t y  we have t r i e d  

p r imar i ly   t o   ou t l i ne   t he   f ac to r s  which  determine  whether a specif ic   s t imu- 

lus   produces  suff ic ient   energy a t  t h e   r e c e p t o r   t o   b e   d e t e c t e d ,   i n  a sense 

analagous t o  t he   ques t ion   o f   abso lu t e   s ens i t i v i ty  and reso lu t ion   of  a 

sensor   with  respect   to   the  parameter   of   energy  ampli tude,   or   intensi ty .  

Accordingly it unde r l i e s   t he   ques t ion  of  whether any usefu l   in format ion  

can  be  derived  from a s t imu lus   s i t ua t ion  f o r  it defines  whether o r  not 

anything will be  seen. I n  the  sect ions  on  sensing  of  c r o s s  range  motion 

and  range  motion, we have  attempted to   analyze  the  physical   environment  

s i t ua t ion   t o   de t e rmine  what cues are a v a i l a b l e   t o   s e r v e  as a b a s i s   f o r  

sens ing   the   par t icu lar   type   o f   in format ion   requi red .  The major e f f o r t  i s  

directed  towards  assessing how well   these  cues  might  be  used  as a b a s i s  

for   sensing  information  under   re levant   spacef l ight   condi t ions.  
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SENSITIVITY OF THE EYE 

Genera l   Charac te r i s t ics  

The v isua l   sys tem  ad jus t s  i t s  s e n s i t i v i t y   t o  a level r e l a t e d   t o   t h e  

prevail ing  luminance, a f a c t  which i s  apparent  to  anyone who cons ide r s   h i s  

own experiences i n   t r a n s i t i o n i n g  between a reas  which are d i f f e r e n t i a l l y  il- 

luminated. One of   the  most common ins t ances  i s  t h a t   o f   e n t e r i n g  a movie 

thea t re   on  a b r i g h t  summer day. I n i t i a l l y  it i s  d i f f i c u l t   t o   s e e   d e t a i l ,  

and co lor  i s  t o t a i l y   a b s e n t .  The br ight   sc reen  i s  immediately  visible  but 

only  gradual ly  i s  one   ab le   to  make o u t   t h e   o u t l i n e  and l i m i t e d   d e t a i l   o f  

aisles, s e a t s ,  and other  persons.  Upon r e - e n t e r i n g   t h e   s t r e e t   t h e r e  i s  a 

per iod of extreme l i g h t   a d a p t a t i o n  where t h e   i n d i v i d u a l   s q u i n t s   i n   o r d e r   t o  

reduce  the amount o f   l i gh t   en t e r ing   t he   eye .   C lea r ly   t he   p rocess   o f   ad jus t -  

ment takes  t ime,  and  the  functional  capabili ty  of  the  visual  system  changes.  

Any description  of  visual  performance must cons ider   as  a pr imary   fac tor   the  

level  of  ambient  i l lumination, and  any s p a t i a l  o r  temporal  changes i n   t h i s  

i l lumina t ion  t o  determine  the  operating  point  of  the  eye and e s t a b l i s h  

boundar ies   which   he lp   def ine   the   bas ic   v i sua l   capabi l i t i es   under   the  exist- 

ing  environmental   conditions.  

Two mechanisms o p e r a t e   t o   a d j u s t   t h e   s e n s i t i v i t y   o f   t h e   v i s u a l  sys- 

tem; (1) changes i n   p u p i l   s i z e ,  which  modify t h e  amount of l i g h t   t h a t   c a n  

en ter   the   eye ,  and ( 2 )  changes i n   t h e   s e n s i t i v i t y   o f   t h e   r e t i n a  which  can 

be considered  to   adjust   the   gain  of   the  visual   system.  These two f a c t o r s  

might  be  looked upon as roughly  analagous  to  an  automatic  camera  diaphragm, 

and a photographic  emulsion whose sens i t iv i ty  a d a p t s   t o   t h e   l e v e l   o f  illum- 

ina t ion .  One of   these  two f a c t o r s ,   c h a n g e s   i n   r e t i n a l   s e n s i t i v i t y , c o v e r s  a 

f a r   g rea t e r   r ange   t han   does   cha rgedue   t o   pup i l   s i ze .   In   t he   fo l lowing   s ec -  

t i o n s  we will t r e a t   p u p i l l a r y  phenomena and adaptive  processes.  

I n   t h e   s e c t i o n  on  pupi l lary  response  the  effect   of   changing  lumin-  

ance  conditions are i l l u s t r a t e d   i n  terms of   lags ,   durat ion,  and  amplitude 

o f   pup i l   r e sponse   t o   s t ep   func t ion   i npu t s .  Long  term  responses  to  steady 

o r  o s c i l l a t i n g   s t i m u l u s   i n p u t s  are demonstrated. A r e l a t ionsh ip  i s  pre-  

sented which permi ts   the  estimate of p u p i l   s i z e  as a function  of  ambient 
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i l lumina t ion  and a d i scuss ion   o f   t he   concep t   o f   r e t ina l   i l l uminance ,   o r   l i gh t  

ene rgy   e f f ec t ive   on   t he   r e t ina  i s  presented.   These  i l lustrat ions  should pro- 

vide a bas is   for   unders tanding  and e s t ima t ing   t he   e f f ec t ive   l i gh t   ene rgy  as 
a funct ion  of   s t imulus  condi t ions and pupi l la ry   responses .  

The d i scuss ion   o f   adap ta t ion   i l l u s t r a t e s  how t h e   s e n s i t i v i t y  of t h e  

eye  var ies  as a func t ion   of   the   ambient   i l lumina t ions   in   the  v i sua l  environ- 

ment  which  might be  encountered i n   s p a c e f l i g h t .   S e n s i t i v i t y  i s  genera l ly  

s tud ied  by exposing  the  eye  to  a pre-adapt ing   or   p re-exposure   f ie ld  of known 

luminance,  durations and s i z e ,  and then   measur ing   the   sens i t iv i ty   o f   the   eye  

t o   l i g h t   d u r i n g  a per iod  of  time af ter  th i s   p re-exposure   f ie ld   has   been  ex- 
t inguished.  Thus, the  eye i s  i n  darkness  and,  up t o  a po in t ,   t he   l onge r  it 

remains i n   d a r k n e s s   t h e  more s e n s i t i v e  it becomes. A s  will be  discussed, 

t he   func t iona l   capab i l i t i e s   o f   t he   eye  change  during  this  process  of  adapta- 

t i on .  

I n  a  more de t a i l ed   desc r ip t ion   o f   t he   p rocess   o f   adap ta t ion ,   t he  

general   t ime  course  of  adaptation i s  descr ibed ,   cons ider ing   var ia t ion  among 

individuals   and  within  the same indiv idua l .  Changes i n   s e n s i t i v i t y  which 

occur when an  individual  goes  from a b r i g h t   t o  a dimmer, bu t   no t   dark   v i sua l  

environment,  are  discussed, as a r e   t h e  changes i n   s e n s i t i v i t y  which occur 

from i l l u m i n a t i o n   t r a n s i e n t s .   I n   t h i s   c a t e g o r y  are inc luded   s ing le   pu lses  

of   l igh t ,   g radual ly   changing   leve ls   o f   i l lumina t ion ,  and pe r iods   o f   i n t e r -  

mi t ten t   i l lumina t ion .  The effects  of  pre-exposure  conditions on the  sub- 

sequent   course   o f   adapta t ion   a re   i l lus t ra ted .  How t h e   v i s u a l  t a s k  required 

during  adaptation,  whether it be   t he   de t ec t ion   o f   l i gh t ,   t he   d i sc r imina t ion  

of   one  br ightness   f rom  another ,   the   resolut ion  of   acui ty   targets ,  or t h e  

de t ec t ion   o f   co lo red   l i gh t s   mod i f i e s   t he   s ens i t i v i ty   cu rves ,  i s  considered. 

A f i n a l   s e c t i o n   d e a l s   w i t h   s e n s i t i v i t y   r e l a t i v e   t o   t h e   d i s c r i m i n a -  

t i o n   o f  a s imple   t a rge t  from i t s  background,  bhere  the  background i s  not   of  

zero  i l luminance.  This area, v i s i b i l i t y ,  draws heavi ly  upon t h e  more bas i c  

study  of  what are essent ia l ly   d i f fe rence   th resholds   requi r ing   the   d i scr imina-  

t i o n  between two d i f f e r e n t   l u m i n a n c e   f i e l d s .   S i n c e   s e n s i t i v i t y  i s  modified 

when a s t a t e  of  relative motion exists between t a r g e t  and  observer,  and  by 

fac tors   such  as s i z e  and  shape, some cons idera t ion  i s  g iven   to  how these  

f a c t o r s   c a n   b e   t r e a t e d   i n   a s s e s s i n g   t h e   a b i l i t y   o f   t h e  eye t o   d e t e c t   t a r g e t s .  
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Pupil  Responses 

Pr imar i ly ,   in   response   to   changing   condi t ion   o f   i l lumina t ion ,   the  

p u p i l   c o n s t r i c t s  and d i l a t e s ,   va ry ing   i n   d i ame te r  from  about 3 t o  8 milli- 

meters. Accordingly,  the amount o f   l i g h t   f a l l i n g  on   t he   r e t ina  varies as 

a funct ion  of   pupi l   d iameter   over  a range  of 16 t o  1. This  can  be com- 

pared  to  the  range  of  adjustment due t o  r e t i n a l  adapta t ion  which va r i e s  

from a minimum de tec t ab le   l eve l   o f  m l  t o   an   uppe r   l eve l   o f  10 m l  

which i s  in to l e rab le .   Th i s  i s  a r ange   o f   t en   mi l l i on   t o  one. 

5 

Retinal   i l luminance.  - Ret ina l   i l luminance  i s  expressed i n   t r o l a n d s ,  

defined as t h e  amount o f   l i gh t   en t e r ing   t he   eye  from  an  object  having a 

luminance  of 1 candle   per   square meter and  an  effect ive  pupi l lary  area  of  

one  square  millimeter,  given  as; 

E ( t r o l a n d s )  = 10r B y  2 
r P 

where r i s  the   r ad ius   o f   t he   pup i l  and B i s  the  luminance i n   m i l l i l a m b e r t s .  P 
If a sys temat ic   re la t ionship  exists between f i e l d  luminance B y  and 

pup i l   s i ze  i t  would b e   p o s s i b l e   t o   e s t a b l i s h   t h e   l e v e l   o f   . r e t i n a l   i l l u m i -  

nance d i r e c t l y  from  knowledge  of  the  prevailing  field  luminance,  or  as i s  

generally  termed,  the  adapting  luminance.  Such a relationship  has  been  pro- 

posed  by DeGroot and  Gebhard ( re f .  2l) based  on a review of   e ight   s tud ies  

( f i g .  27 ) where a l a r g e   a d a p t i n g   f i e l d  was employed. They have der ived   the  

fo l lowing   express ion   for   pupi l   d iameter  as a function  of  adapting  luminance; 

log Do = 0.8558 - O.O00401(10g B + 8.1) 3 

where D i s  t h e  diameter of the  pupi l   and B i s  the  luminance of t h e   v i s u a l  

f i e l d   i n   m i l l i l a m b e r t s .  
0 

The c o n v e r s i o n   t o   e f f e c t i v e   r e t i n a l   i l l u m i n a t i o n  i s  not  a d i r e c t  one 

due to   t he   S t i l e s -Crawford   e f f ec t   ( r e f .  45). S t i l e s  and  Crawford demon- 

s t r a t e d   t h a t   t h e   e f f e c t   o f  a ray   o f   l igh t   en te r ing   the   eye   decreases  as a 

funct ion  of   the  deviat ion  of  i t s  point   of   entry  f rom  the  center   of   the  

pupi l .  A small pupi l  i s  accordingly more e f f i c i e n t   t h a n  a l a rge   pup i l .  
Using  the  data  of Moon and  Spencer ( re f .  3 6 ) ,  Jacobs ( re f .  31) formulated 

the   fo l lowing   equat ion   to   descr ibe   pupi l   e f fec t iveness ;  
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Fe = R D r (1-0.0425r + 0.  00067rP) 

where  Fe i s  t h e   n e t   e f f e c t i v e  flux f o r   a n y p u p i l   r a d i u s ,  r and Df i s  t h e  

luminous flux dens i ty  a t  the   pupi l .  Dr i s  cons t an t   fo r  a uni formly   l igh ted  

pupi l .  DeGroot and Gebhard u t i l i z e d   t h i s   r e l a t i o n   t o   f o r m u l a t e  an equation 

f o r   t h e   e f f e c t i v e   r e t i n a l   i l l u m i n a n c e ;  

2 2 4 
f P  P 

P' 

E r ( t ro l ands )  = 10r B(1 - 0.0425r + 0.00067r ) 2 2 4 
P P P 

where E i s  the   r e t ina l   i l l uminance   i n   t ro l ands  and B i s  the  luminance  of 

t h e   a d a p t i n g   f i e l d   i n   m i l l i l a m b e r t s .  These  equations may be   used   to   de te r -  

mine r e t i n a l   i l l u m i n a n c e   f o r   r e l a t i v e l y   s t e a d y   s t a t e   i l l u m i n a t i o n  where t h e  

p u p i l   s i z e  i s  f a i r l y   c o n s t a n t .  

Pup i l l a ry   r e sponses   t o   l i gh t .  - Figure 28 shows the  general  form  of 

pupillary  response(  to a s h o r t   l i g h t   p u l s e .  With low l i g h t   l e v e l s   t h e   l a t e n -  

cy o f  the  response  of   the  pupi l  i s  general ly   longer   than b second  and  the 

subsequent   cont rac t ion   of   the   pupi l  i s  slow, of small magnitude  and  short 

durat ion.   Increasing  the  s t imulus  intensi ty   decreases   la tency  and  produces 

a l a r g e r ,  faster, longe r   l a s t ing   con t r ac t ion .  The general  shape o f  the 

response wave form i s  the  same. Figure 29shows the  extent,   duration,  and 

la tency   of   the   pupi l   response   to  a 1 second  flash  of i n d i c a t e d   i n t e n s i t i e s .  

When s h o r t   f l a s h e s  of l i gh t   a r e   p re sen ted   i n   r ap id   success ion ,   t he   i nd iv idua l  

pup i l   r eac t ions  summate ( f i g .  3 0 ) .  Mean diameter  decreases  with  increasing 

stimulus  frequency. When t h e   f l a s h  las ts  longer   than   the   l a ten t   per iod ,  

changing  aper ture   s ize  will inf luence   e f fec t ive   re t ina l   i l luminance   s ince  

the   pup i l  i s  closing  while   the  s t imulus i s  s t i l l  on. 

When the  eye i s  exposed to   cont inued  s t imulat ion,   the   pupi l   contracts ,  

t h e n   d i l a t e s   p a r t i a l l y ,  and b e g i n s   t o   o s c i l l a t e   ( f i g .  3.). Equilibrium i s  
reached i n  about 6 seconds. I n  dim l i g h t ,   t h e   r e s u l t i n g   o s c i l l a t i o n s  are 

smaller and s t e a d i e r   t h a n   i n   h i g h e r   i n t e n s i t i e s  where t h e   o s c i l l a t i o n s   r e a c h  

a m a x i m  of  about 2 cps. 

The p u p i l   a l s o  shows spontaneous   cont rac t ions   and   d i la t ions   in  

fa t igued  observers .   Recent ly  a great deal   of   interest   has   been  generated 

in   pupi l la ry   responses  as an  index of stress o r  workload ( r e f s .  3, 30) 
It should   be   cau t ioned   then   tha t   changes   in   pupi l   s ize   can  come about  due 

.to f a c t o r s  unrelated t o  i l l umina t ion   l eve l s .  
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An extens ive  review and analysis o f  pupi l la ry   responses  i s  pre- 

sented  by  Lowenfeld  (ref. 3h) and by Lowenstein  and  Lowenfeld (ref.  3 5 ) .  
Lowenfeldls  most  important  conclusions are paraphrased i n  the   fo l lowing  

paragraph.  Factors  such as l eve l   o f   adap ta t ion ,  and the   i n t ens i ty ,   du ra -  

t i on ,  waveform, and  frequency  of  the  st imuli  a l l  i n f l u e n c e   p u p i l l a r y  

responses. 

I n   t h e  normal,   dark  adapted  eye  st imulus  intensit ies below t h e  

photopic  range  can  produce small pup i l l a ry   con t r ac t ions .  The threshold  

i s  h igher   fovea l ly   than   per iphera l ly ,  i s  h i g h e r   f o r  smaller s t imu lus   f i e lds ,  

and i s  r e l a t ed   t o   t he   appa ren t   b r igh tness   o f  s t imuli  o f   d i f f e ren t  wave- 

l e n g t h s .   I n   t h e  normal l igh t   adapted   eye   the   th reshold  i s  much increased 

over  the  dark  adapted eye and the   pe r iphe ry  is  no longer  more s e n s i t i v e  

than  the  fovea.  When supra threshold   s t imul i  are app l i ed   t he   pup i l l a ry  

response  increases  in  amplitude.  

R e t i n a l  S e n s i t i v i t y  

While  the  pupillary  system  has a time cons tan t  on the  order   of   sec-  

onds   the   p rocess   o f   re t ina l   adapta t ion   has  a time constant   on  the  order   of  

several  minutes i n  response   to   s teps   o f   the  same magnitude. If we go from 

bright   dayl ight   to   complete   darkness   the  pupi l  will respond and s t a b i l i z e  

i n  some 5 seconds  while   the  re t inal  sens i t iv i ty  w i l l  change f o r  a per iod  of  

some 45 minutes. 

T h i s   p r o c e s s   r e f l e c t s ,   f o r   t h e  most p a r t ,  a r e v e r s i b l e  photochemi- 

c a l  change i n   t h e   c e l l s   o f   t h e   r e t i n a  which i n c r e a s e s   o r   d e c r e a s e s   t h e i r  

s e n s i t i v i t y   t o   l i g h t .  The re t ina  i s  composed of two types  of  primary  re- 

ceptors,   rods and  cones, which may be   func t iona l ly   a s  well as   ana tomica l ly  

d i f f e r e n t i a t e d .  The s p a t i a l   d i s t r i b u t i o n  of the  rods  and  cones  over   the 

r e t i n a  i s  i l l u s t r a t e d   i n   f i g u r e  32. Table XIII, a f t e r   S t i l e s ,  e t  a l .  ( re f .  44) , 
outl ines   the  major   funct ional   dif ferences  between  rods  and  cones.  

Schmidt ( r e f .  43) descr ibes   the   boundar ies  which separa te   the   func-  

t i o n a l l y   d i f f e r e n t   l e v e l s  o f  s e n s i t i v i t y  as follows: 

Photopic:   cone  vision  greater  than 3 f t .  lamberts .  
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Mesopic : rod  and  cone less than 3 f t .  lamberts  and 

functions Overlap more than 3 x lo-' f t .  lamberts, 
varying  wlth the l o c a t i o n  and 
s i ze   o f   t he  re t inal  area simulated. 

Scotopic:  pure  rod  vision less than 3 x lo-' ft. l amber t s   t o  
absolute   threshold  of  3 x 10-9 f t .  
lamberts.  Fovea i s  non-functional 
i n  an area approximately & degrees 
v e r t i c a l  x 3 degrees  horizontal .  

The eyes  have an ave rage   s ens i t i v i ty  level determined  by  those lumi- 

nances t o  which they  are  predominantly  exposed  (refs.  5,  43).  When t h e r e  i s  
no effective  luminance,  e.g.  , darkness ,   the   sens i t iv i ty  of  the  eye i s  d i s -  

cussed i n  terms  of i t s  absolute   threshold.  When t h e r e  i s  some p reva i l i ng  

luminance,   the   sensi t ivi ty   of   the   eye i s  d i scussed   i n  terms o f  a d i f f e rence  

threshold,  namel3, the   d i f fe rence   be tween  the   p reva i l ing   f ie ld   luminance  

and tha t   o f   the   ob jec t   to   be   d i scr imina ted .  Depending  on the  t ime  involved 

and the  nature   of   the   prevai l ing  i l luminat ion  the  eye may be i n   t h e   p r o c e s s  

of  adapting,  or may have  reached a s t eady   s t a t e .  

The fol lowing  discussion  concerns  the  factors  which  determine (1) 

t h e  manner i n  which v i sua l   s ens i t i v i ty   changes ;  ( 2 )  how t h i s  change i s  

a f f ec t ed  by the  condi t ions which  preceded  the  process  of  adaptation  (pre- 

exposure); ( 3 )  how adaptat ion i s  a f f ec t ed  by the   cond i t ions   t o  which i t  
i s  adapting; and (4) how the   func t iona l   capabi l i ty   o f   the   eye   var ies   wi th  

changing  sensi t ivi ty .  

The experimental  measurement  of  adaptation. - A br ie f   d i scuss ion  

of t h e  methods  and  procedures  used in   the   s tudy   of   dark   adapta t ion  will be 

helpful   in   understanding  the  subsequent   discussion  with  respect   to  how d a t a  

are   obtained.  The  manner o r  method of  derivation  cannot  be  divorced  from 

the  nature   or   appl icabi l i ty   of   obtained  data .  

-~ . .  

Studies  of adaptat ion  are   usual ly   performed by first exposing  the 

observer   to  a pre-exposure  f ie ld  of a given area, i n t e n s i t y ,  and temporal 

c h a r a c t e r i s t i c s .   T h i s   f i e l d  i s  extinguished and the  observer views a fix- 
a t ion   po in t   t h rough   an   a r t i f i c i a l   pup i l .   Obse rv ing   t he   f i xa t ion   po in t  
maintains the  optical.  geometry so t h a t   t h e   s t i m u l u s  falls on t h e  same por- 
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t i o n   o f   t h e   r e t i n a   e a c h  time it i s  presentd.  The a r t i f i c i a l   p u p i l   s e r v e s   t o  

e l iminate   the  inf luence  of   pupi l lary  adjustment   to   the  ambient   l ight  level 

s ince  it i s  typically smaller i n   d i a m e t e r  (2-3mm) t han   t he   sma l l e s t   na tu ra l  

pupi l .   Another   technique  for   the same purpose i s  the   use   o f  a Maxwellian 

v i e w .  While the   obse rve r   con t inues   t o  view t h e   f i x a t i o n   p o i n t ,   b r i e f  

f l a s h e s   o f   l i g h t  (0.015-0.020 s e c s )   v a r y i n g   i n   i n t e n s i t y  are presented,  and 

t h e  minimum de tec t ib l e   i n t ens i ty   ( abso lu t e   t h re sho ld )  is  recorded  as a 

funct ion  of  time from the  termination  of  the  pre-exposure  period.  Increas- 

i ng   t he  area o r   t h e   i n t e n s i t y   o f   t h e  t e s t  f lash   can   lower   the   ob ta ined  

threshold  values.   Thresholds  derived  from a number of   p resenta t ions   a re  

typ ica l ly   g iven  as the   va lue   o f   t he  t es t  s t imulus which can  be  detected 5'0% 

of   t he  time. Threshold  values   yielding  the 95'-100% detection  can  be es t i -  

mated  by  adding . 3  l og   un i t s   t o   t he   s t a t ed   t h re sho lds .   T ra in ing   o f   t he  

observers  i s  r e q u i r e d   i n   o r d e r   t o   o b t a i n   r e l i a b l e ,   c o n s i s t e n t   t h r e s h o l d  

da ta .  

The general   course  of   adaptat ion.  - We shal l   def ine   dark   adapta t ion  

as the   p rog res s ive   i nc rease   i n   v i sua l   s ens i t i v i ty   t o   l i gh t   ene rgy  which 

occurs when the   observer  i s  i n  a lrtotallyll  dark  environment. The envelope 

for   typ ica l   dark   adapta t ion   curves  i s  shown i n   f i g u r e  33. The i n i t i a l  sen- 

s i t i v i t y  i s  e s t ab l i shed  by the  luminance  of  the  pre-exposure  f ield.  The 

i n i t i a l   p o r t i o n   o f   t h e   c u r v e   d r o p s   r a p i d l y   b e f o r e   l e v e l l i n g   o f f .   T h i s   p o r -  

t ion   o f   the   adapt ive   p rocess  i s  due t o  a change i n   s e n s i t i v i t y   o f   t h e   c o n e s .  

A second  drop  occurs  rather  abruptly a t  the  "cone-rod  break". After some 

30 t o  45 minutes a roughly  asymptotic  level i s  reached .   In   the   reg ion   of  

.001 f t .  lamberts  of  prevail ing  luminance, all por t ions  o f  t h e   r e t i n a   a r e  

equa l ly   s ens i t i ve .  

I n  addi t ion   to   be ing   in f luenced   by   s t imulus   condi t ions ,   the   genera l  

time course  of   adaptat ion  var ies   between  individuals  and wi th in  a given  in-  

dividual  from time t o  time. A s  with a l l  phenomena r e l a t ed   t o   behav io r ,   i n -  

d i v i d u a l s   v a r y   i n   t h e i r   v i s u a l   s e n s i t i v i t y .   V a r i a t i o n s   i n  a populat ion  of  

110 normal sub jec t s  are shown i n   f i g u r e  33. The shaded  area  indicates   the 

limits f o r  80% of  the  measurements. 

I n  an extended  study  repeatedly  measuring  the  course  of  adaptation 

of t h r e e   s u b j e c t s   i n  24 sessions  conducted  over  the  course  of 11 months, 



Mote ( r e f .  38) r e p o r t s   t h a t  a t y p i c a l  IIgoodtf adap ta t ion   cu rve   l ay   en t i r e ly  

within +/- .1 log u n i t   o f   t h e  mean value f o r  a subject .   Figure 34 shows 

the   va r i a t ion  i n  s tandard   devia t ion  from all Motels  sessions as a func t ion  

o f  time i n   t h e   d a r k .  

Mote reviews and summarizes previous  f indings as follows: 

"The s tandard   devia t ion   for   unse lec ted  men and women i n  
the  general   populat ion  var ies   f rom .25 t o  .40 l o g   u n i t s ,  be- 
coming perhaps as l a r g e  as .70 l o g   u n i t s .  The f i n a l   l e v e l  
of   adapta t ion   usua l ly   demonst ra tes   the   l eas t   var iab i l i ty .  
Thresholds   for   ind iv idua l   subjec ts  may vary  with a standard 
deviat ion  of  .2 l o g   u n i t s  on repeated  measures." 

I n  an  appl ied  sense,   the   changing  level   of   sensi t ivi ty  i s  a problem. 

Taylor   ( re f .  48) descr ibes  a technique  used  to  reduce  the  uncertainty  in- 

volved in   t he   e s t ima t ion   o f   me teo ro log ica l   v i s ib i l i t y  where v i s i b i l i t y  i s  

measured  by the  apparent   br ightness   of  a d i s t a n t   l i g h t   s o u r c e .  To prevent 

changes in   adap ta t ion  and t h u s   i n   s e n s i t i v i t y   t h e   o b s e r v e r  is provided  with 

a constant   luminance  f ie ld   against  which  he sees  an array  of  luminous  points 

of c o n t r o l l e d   i n t e n s i t y .  Using th i s   t echnique ,  a b r igh tness  match  of t h e  

p o i n t s   w i t h   t h e   f i e l d   r e s u l t s   i n  a range  estimate.   Taylor  uses  this example 

to   suppor t   t he   con ten t ion   t ha t   l abo ra to ry   da t a   can   be   d i r ec t ly   u se fu l   once  

the  adapt ive  s ta te   has   been  specif ied and maintained. 

Apparent  brightness  of  st imuli   during  dark  adaptation. - During  the 

course  of   adaptat ion  the  subject ive  br ightness   of  a stimulus  changes. V a n  

Den Br ink   ( re f .  47) s t u d i e d   t h i s  phenomena by requi r ing   observers   to   ad jus t  

a s t imulus  seen  by  the  l ight   adapted  r ight   eye so t h a t  it appeared  equal  to 

a standard  viewed  by  the  dark  adapted l e f t  eye. The stimulus  seen  by  the 

r i g h t  eye  eventually  appeared dimmer and then   increased   in   apparent   b r igh t -  

ness as the  right  eye  dark  adapted.  Consequently  the  observer  reduced  the 

luminance  to   compensate .   These  data   are   presented  in   f igure 35. I n  a 

similar procedure  the  observers   adjusted  the  intensi ty  of t he   s t imu lus   t o  

the  lef t ,   dark  adapted  eye,  making it appear  equal  to a phys ica l ly   cons tan t  

st imulus i n  the   r igh t   eye .   These   da ta   a re  shown i n   f i g u r e  36. 

~~- . . ". "" 

Adaptation  to  intermediate  luminance levels. - Rarely will an opera- 
~~ ~ ~ ~ 

t i ona l   s i t ua t ion   be   found  where the   a s t ronau t ' s   eyes  will a d a p t   t o   t o t a l  
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darkness.  Indeed, it i s  more p robab le   t ha t   t he   ac tua l   pe r iods  where cons tan t  

luminance f i e l d s  exist  will be far too  short   to   permit   complete   adaptat ion.  

Hattwick  (ref.  28) has   s tud ied   the  time course  of  adaptation  from a high  pre- 

adapt ing   s teady   f ie ld   to   var ious   in te rmedia te   luminance   leve ls .   F igure  37 
shows t h e   r e l a t i o n s h i p s   o b t a i n e d   f o r   f o v e a l  and  parafoveal  st imulation ( 8  
degrees   o f f   fovea) .   In   bo th   f igures  it i s  c l e a r   t h a t   t h e   f i n a l   l e v e l   o f  

s e n s i t i v i t y  i s  asymtot ic   as  a func t ion   of   the  level of   the  prevai l ing  lumi-  

nance. From these   da t a  it appears   tha t   the   course   o f   adapta t ion   to   in te r -  

mediate   levels   of   i l luminat ion i s  roughly similar t o   t h a t   f o r   a d a p t a t i o n   t o  

complete  darkness. 

Baker ( r e f .  7 )  has   s tudied  the  course of l i g h t   a d a p t a t i o n   t o   i n t e r -  

media te   l eve ls   o f   h igher   in tens i ty   than   the   in i t ia l ly   p reva i l ing   luminance .  

Figure 38 shows the   t h re sho ld   r e t ina l   i l l uminance  from 5 t o  1000 seconds 

a f t e r   t he   onse t   o f   va r ious   adap t ing   f i e lds .  M a x i m u m  s e n s i t i v i t y  i s  reached 

between 100 t o  200 seconds  af ter   exposure  to   the new adap t ing   f i e ld .   Th i s  

po in t  i s  preceded by a marked i n c r e a s e   i n   s e n s i t i v i t y  and a much more rap id  

decrease  with  the  passage  of  t ime. 

Adapta t ion   leve l  and d i f fe rence   th resholds .  - The s i t u a t i o n  which 

p reva i l s  when the   sub jec t   has   a t t a ined  a s teady s ta te  of s e n s i t i v i t y ,  as 

demonstrated  by  the  assymptot ic   levels   in   Hat twick 's   data  which c a l l s   f o r  

t he   obse rve r   t o  make a br ightness   discr iminat ion;   to   determine  the minimum 

i n t e n s i t y  which i s  d e t e c t a b l y   d i f f e r e n t  from t h e   p r e v a i l i n g   a d a p t i n g   f i e l d .  

If t h e   p r e v a i l i n g   f i e l d  were completely  dark i t  would be  proper   to   consider  

t h e  same d i sc r imina t ion   a s  a determinat ion  of   the  absolute   threshold.  D i f -  

f e rence   th resholds  are t y p i c a l l y  measured  by r equ i r ing  a s u b j e c t   t o   d i s -  

criminate  between two t e s t  f i e l d s ,  where  one represents  a general ly   pre-  

v a i l i n g   l e v e l  of i l l umina t ion  and are obta ined   a f te r   the   eye   has   reached  

some s teady s ta te  of  adaptation. Thus Hat twick 's   data   represent  a t r ans -  

i t i o n  between two d i f fe ren t   t echniques .  Brown and  Muel ler   ( ref .  1 7 )  
thoroughly   d i scuss   the   cons idera t ions   re la t ing   to  method  and procedures,  

Immediate   responses   to   i l luminat ion  t ransients .  - There  are  changes 

i n   s e n s i t i v i t y  which occur   within  several   seconds  of   the  onset  o r  terminat ion 

of  an  abrupt  change i n  luminance. Baker ( ref .  7 ) ,  i n  a summary paper   indi-  



c a t e s   t h a t   t h e  time c o u r s e   o f   s e n s i t i v i t y  i s  r a t h e r  complex. The first h a l f  

second  of  response i s  charac te r ized  by a marked inc rease  i n  th re sho ld   fo l -  

lowed  by  an extremely rapid  decrease.  These  changes, which seem t o   b e  due 

to  neural   responses,   precede  the  general   course  of  change i n  s e n s i t i v i t y .  

Data  from  Crawford (ref.  20) shown i n   f i g u r e  39 i n d i c a t e   t h e   n a t u r e   o f   t h i s  

effect relative t o  a second  pu lse   o f   l igh t .  A sharp   e leva t ion   of   th resh-  

o l d   a t   t h e   o n s e t   o f   t h e   l i g h t  i s  followed  by a rapid  drop. If the   pu lse  

dura t ion  were extended,  e.g.,  maintained as a cont inuing  i l luminat ion level, 

t he   cour se   o f   s ens i t i v i ty  would proceed as d e s c r i b e d   i n   f i g u r e  38 discussed 

above. A t  t he   t e rmina t ion   o f   t he   pu l se ,   ano the r   r ap id   change   i n   s ens i t i v i ty  

occurs. 

While no t  showing the  very  short   term  response as does  Crawford, t h e  

data from  Nutting  (fig.  40 ) shows the  threshold  luminance  for   detect ion  of  a 

poin t   source   immedia te ly   a f te r   t e rmina t ion   of   adapt ing   f ie lds   o f   var ious  

i n t e n s i t i e s .  From these   da ta  it i s  possible   to   determine i f  a given  point  

source will be  detected  immediately upon en te r ing   t he  dark a f te r   having  

been  adapted  to  various  higher  luminance  levels.  

Figure 41 taken  from Van Den Br ink   ( r e f .  h7) ( a f t e r   S t e v e n s  and 

Stevens) shows s u b j e c t i v e   b r i g h t n e s s   i n  brils a s  a function  of  luminance 

f o r  d i f fe ren t   adapta t ion   leve ls   immedia te ly   a f te r   the   adapt ing  f i e l d  was 

extinguished. A b r i l  i s  def ined as the  br ightness   seen  by  the  dark  adapted 

observer when he views a luminance  of LO db above a threshold   va lue   o f  

approximately 10 lamberts .   Clear ly   the  apparent   br ightness  i s  not  a 

s imple  funct ion  of   s t imulus  intensi ty .  

-10 

Boynton  and  Kandel ( ref .  13) present   resu l t s   demonst ra t ing   tha t   the  

s e n s i t i v i t y  of  the   eye  i s  i n   p a r t  determined  by  neural  '5nasking"  effects 

which  occur i n   r e s p o n s e   t o  a stimulus.  These  neural phenomena mask, o r  

cover up the  effects   of   photochemical  phenomena, sometimes  completely 

blocking  the  transmission  of  nervous  impulses  which  would  normally  follow 

the  presentat ion  of  a t e s t  f l a s h .  

Recovery  of sens i t iv i ty  af ter  exposure t o   i l l u m i n a t i o n   t r a n s i e n t s .  - 
The changes i n  sensi t ivi ty  due t o   t r a n s i e n t s   i n   i l l u m i n a t i o n  may persist be- 

yond the   du ra t ion  o f  t h e  immediate  response  described  above.  These  longer 

term  changes  involve  the  photochemical mechanism. If we assume t h a t   t h e  eye 
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i s  adapted  to  some intermediate  luminance we can conceive of  many s i t u a t i o n s  

where b r i e f   f l a s h e s   o r   p u l s e   t r a i n s   o f   l i g h t  might   be  introduced  into  the 

v i s u a l   f i e l d .  A beacon i t s e l f  represents  one  source.  The requirement t o  

i l l u m i n a t e   b r i e f l y  a cockpi t  work area is  another.  An a t t i t u d e  maneuver, 

b r ing ing   the  window from  shadow t o  sun l igh t  is ano the r .   In   gene ra l ,   t hese  

t r a n s i e n t s  w i l l  produce a shor t   t e rm  dec rease   i n   s ens i t i v i ty .   The re   a r e  a 

number of i n v e s t i g a t i o n s   i n   t h e   l i t e r a t u r e  which bear on t h i s  problem. 

Grant  and Mote ( ref .  24) d e a l   w i t h   t h e   e f f e c t  of three  minute  per- 

iods   o f   in te rmi t ten t   s t imula t ion   in t roduced   dur ing   the   course   o f   dark   adap-  

ta t ion.   Table  XIV summarizes t h e i r   f i n d i n g s .  The rise i n   t h r e s h o l d   a f t e r  

the  f lash  exposure was found t o   b e  a func t ion  o f  bo th   i n t ens i ty  and  uura- 

t i o n  of t h e   f l a s h e s .  The immediate  recovery ( a f t e r  30 seconds)  compensated 

f o r  a l l  b u t   t h e   b r i g h t e s t ,   l o n g e s t   f l a s h   p a t t e r n .  The amount of  recovery 

a f t e r  30 seconds was s ign i f i can t ly   a f f ec t ed   by   t he   du ra t ion   bu t   no t   t he  

b r igh tness   o f   t he   f l a shes .  After 4 minutes  there was r ecove ry   t o   t he  

o r i g i n a l   l e v e l  from a l l  bu t   the  most d i s r u p t i v e   f l a s h   p a t t e r n  (1600 ml/l.O 
secs . ) .  From t h e i r   f i g u r e  i t  a p p e a r s   t h a t   t h e  most d i s rup t ive   f l a sh   pa t -  

t e r n  had the   e f f ec t   o f   p roduc ing   an   a s sympto t i c   l eve l   o f   s ens i t i v i ty  some 

% l o g   u n i t  above t h e  m a x i m u m  sensit ivity  reached  by  the  control  and  other 

experimental  groups. 

Mote, Grant and Hoffman ( ref .  40) performed a s tudy   i nves t iga t ing  

t h e   e f f e c t s   o f   b r i e f   f l a s h e s   o f   l i g h t  ( 2  seconds)  on  adaptation i n   t h e  

periphery.  A s  i n t ens i ty ,   du ra t ion ,  o r  both were increased,   they  found  the 

in i t ia l   th reshold   rose ,   the   s lope   o f   the   adapta t ion   curve   decreased ,  and 

the   t ime   t o   f i na l   t h re sho ld   i nc reased .  

Schmidt ( r e f .  43) r epor t s   t he  work of  Eckel who s tud ied   t he   e f f ec t s  

of  introducing 5 second   f l a shes   o f   va ry ing   i n t ens i ty   on   t he   s ens i t i v i ty   o f  

the  dark  adapted eye. Recovery  from  these  f lashes was r e l a t i v e l y   r a p i d  

w i t h   p r e f l a s h   l e v e l s   o f   s e n s i t i v i t y   b e i n g   r e s t o r e d  i n  1 t o  3 minutes. 

I n  a s tudy  by  Kryieleis ,  a l s o  reported  by  Schmidt ( ref .  43), i t  
was demonstrated  that   blinking  the  eyes  reduced  recovery time from i n t e r -  

mi t t en t   s t imu la t ion   t o  1/3 of   tha t   repor ted  when b l ink ing  was prevented. 

Recovery t o  a l o g  5 mml level   o f   adapta t ion   a f te r   exposure   to  a f ive sec-  

ond f l a s h   o f  496 f t .  lamberts  took 30 seconds when b l ink ing  was prevented. 
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Recovery t o  a terminal   level   took 6 t o  7 minutes. When b l ink ing  was per- 

mit ted  total   recovery  took 2 minutes,  Flash  duration (1 o r  5 secs . )   d id  

no t   s ign i f i can t ly   a f f ec t   r ecove ry .  

Al len  and  Dallenbach (ref.  1) concluded tha t   t he   i n t roduc t ion   o f  

f lashes   o f  48 f t .  candles  of 40 msec duration, 1 meter  from  the  eye,  pro- 

duced l i t t l e   v a r i a t i o n   i n   t h e   c o u r s e  of adaptation  and  whatever  changes i n  

sens i t i v i ty   d id   occu r  were  not  measurable  after 2 t o  4 minutes. 

Suchman and Weld ( r e f .  46) extended  the work of  Allen  and  Dallen- 

bach  by  varying  f lash  duration and i n t e n s i t y .  A l l  flashes  produced  an 

a b r u p t   r i s e  and a more gradual   decl ine i n  the   th reshold .  The longer  dura- 

t i o n s  had grea te r   d i s rupt ive   e f fec ts .   Re turn   to   p ref lash   l eve l   o f   adapta-  

t i o n  was always  complete  within 5 minutes and the re  was no e f f e c t  on the  

t e rmina l   l eve l   o f   s ens i t i v i ty .  The r e l a t i v e   e f f e c t  on t h r e s h o l d   s e n s i t i v i t y  

decreased as f lash   dura t ion   increased .  

I n  a study by  Johannsen,  McBride and Wulfeck ( r e f .  32)  on foveal  

sens i t iv i ty ,   the   e f fec t   o f   var ious   combina t ions   o f   in tens i ty  and durat ion 

of s h o r t   l i g h t   f l a s h e s  w a s  s tudied when presented   a f te r  10 minutes  of  adap- 

t a t i o n .  It was demonstrated  that  when the  combinat ion  of   intensi ty  and 

durat ion was l e s s   t h a n  100 f t .  lambert-seconds no measurable  foveal  adapta- 

t ion  occurred.  Above t h i s   v a l u e   t h e   e f f e c t  was found t o   i n c r e a s e  as a 

funct ion  of   the  product   of   intensi ty  and  time. A l l  combinations  of .l, 

1.0, 10.00, and 100 f t .  lamberts a t  1, 10, and 100 seconds  were  studied. 

These  data  demonstrate  the  rapid  recovery  of  cone  sensit ivity.  

J .  L.  Brown has  performed a s e r i e s  of s tudies   on  visual   performance 

re la ted   to   var ious   aspec ts   o f   dark   adapta t ion .  O f  pa r t i cu la r   r e l evance  i s  
a recent   s tudy  of   the  t ime  required  for   the  detect ion  of   acui ty   targets  

fo l lowing   exposure   t o   b r i e f   f l a shes   o f   l i gh t   ( r e f .   14 ) .   Spec i f i ca l ly  Brown 

studied  the  effect   of  adapting  f lash  lumiriance,   target  luminance,  and angu- 
l a r   s i z e  of   the   t a rge t   (expressed  as requi red   v i sua l   acu i ty)  on the   t ime t o  

perceive  targets.   Subjects  had  been  dark  adapted  for 20 minutes. The p r i -  

mary prac t ica l   conc lus ion  i s  drawn f rom  the   f ac t   t ha t   i nc reas ing   t a rge t  

luminance  markedly  decreased  perception  time. Thus, Brown states, t h a t   i n -  

creasing  the  luminance  of  the v i s u a l  task  immediately  following a f l a s h   w i l l  
permit  rapid  recovery  of visual performance. However, it i s  apparent   tha t  
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t h i s  will a l s o   d i s r u p t   t h e   a d a p t i v e  state.  Brown found tha t   spec t r a l   cha rac -  

t e r i s t i c s   o f   t h e   d i s r u p t i n g   f l a s h  had l i t t l e  e f fec t   except  f o r  very dim tar- 

ge t s .  Based  on  data  from t h i s   s t u d y   ( f i g .  42) and  experimental   and  theoreti-  

c a l   r e s u l t s   i n   t h e   l i t e r a t u r e ,   t h e   f o l l o w i n g   e q u a t i o n s  were proposed t o   d e f i n e  

the   p r inc ipa l   re la t ionships   in f luenc ing   recovery  o f  v i s u a l  s e n s i t i v i t y :  

tL = 0.2 + b (2 .7  - Log L )  

Log E ( 2 .  i'-LOg Lo) 
0 

where, t - percept ion  t ime  in   seconds L- 
L = t a rge t   luminance   in  f t .  lamberts  

L = minimum luminance a t  which the  display  can  be  perceived 

b = slope  of  a s t r a i g h t   l i n e   o f  best f i t .  
0 

The term b i s  a func t ion   o f   bo th   t he   l eve l  of adaptat ion and t a rge t   cha rac t e r -  

i s t i c s  and i s  re l a t ed   t o   t he   f l a sh   ene rgy   by  a power funct ion.  For t h e   a c u i t y  

targets  used  by Brown the  values  o f  b are given as: 

= 0.108~ 0.58 08 

= 0.022A 0.68 
026 

where, A r ep resen t s   t he   adap t ing   f l a sh   ene rgy   i n  f t .  lambert-seconds,  and 

0.08 and 0.026 r e p r e s e n t   t h e   a c u i t y   r e q u i r e d   t o   r e s o l v e   t h e   g r a t i n g s .  

For f lashes   o f  less than 1 msec., Brown repor t s   t he   equa t ion   y i e lds  

es t imates  which are too   h igh .   In  a l a t e r   p a p e r   ( r e f .  14), summarizing  pheno- 

mena r e l a t ed   t o   f l a sh   b l indness ,   t he   fo rego ing   r e l a t ionsh ips   a r e   cons ide red  

as appl icable .   In   addi t ion ,  some cons idera t ion  i s  given t o  techniques   for  

ame l io ra t ing   t he   e f f ec t s  of f lash   b r ightness   th rough  the  use of  goggles,  eye- 

b l inks ,   t ra in ing ,   adding   i l lumina t ion  and other   techniques.  

For short   exposures,  Bart le t t   ( ref .  8)  sums up the  overall   luminance- 

du ra t ion   r e l a t ionsh ips  as fo l lows:  

' 1 . .  . . f o r   sma l l   a r eas   i n   e i t he r   t he   pe r iphe ry   o f   t he   fovea  

complete  reciprocity  between time a n d   i n t e n s i t y   e x i s t s  up t o  

some dura t ion . . . and   thereaf te r   the   th reshold  will be  indepen- 
dent ,  o r  near ly  so,  of   f lash  durat ion. . .The  facts   can  be 
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summarized by   genera l ly   no t ing   tha t   t empora l   in tegra t ion  

of  luminance  appgars t o   p rov ide   t h re sho lds   fo r  human 

responses  up  to  the  neighborhood  of 0.08 t o  0.11 seconds. 

The rea f t e r   t he   c r i t i ca l   s enso ry   even t s  have  been i n i t i -  

a t ed  and i n t e g r a t i o n  becomes progress ive ly  less complete 

u n t i l ,   f i n a l l y ,  luminance  alone  determines  whether  or 

not  a response will occur. If 

Adaptation af ter  gradual  changes i n   f i e l d  luminance. - Walsh (ref.  

S O )  discusses   the   in f luence   o f   adapta t ion   on  making absolute  judgments  of 

l i g h t   i n t e n s i t y .  Because t h e  eye  has  such  an  extended  range  of s e n s i t i v i t y  

(10 mi l l ion   to   one)   var ia t ions   o f  10 t o  1 o r  as much a s  100 t o  1 are I f . . .  

of ten   scarce ly   no t iced  i f  t h e  change i s  not   too suddenf!. If, f o r  example, 

a s t imu lus   o f   cons t an t   i n t ens i ty  i s  presented   to   the   eye   dur ing   the   course  

of   adapta t ion ,   th i s   s t imulus  will appear t o  grow b r i g h t e r  as the  eye grows 

more s e n s i t i v e  (see f i g .  35). If, however, t h e  rate of  change  of t h i s  stim- 

u lus  i s  low  enough, it may not   appear   to  change,  and may i n  i t s e l f  cause  the 

eye t o   a d j u s t   s e n s i t i v i t y .   A n s t i s  ( re f .  4) i n  a recent   publ ica t ion  demon- 

s t r a t e s  a number of phenomena  which r e s u l t  from  slow  changes i n   t h e   a d a p t i n g  

stimulus.  When the  adapting  luminance i s  changed over 2 l o g   u n i t s   i n  a 

repe t i t ive   sawtooth   pa t te rn ,  and then   he ld   s teady ,   the   s teady   l igh t   appears  

to   increase   o r   decrease   in   b r igh tness   depending   on   whether   the   s lope   o f   the  

sawtooth was posi t ive  or   negat ive.   These  data   are   suggest ive  of   compli-  

c a t e d   e f f e c t s  which were not  yet f u l l y   e x p l o r e d   i n   t h e   r e p o r t e d   a r t i c l e ,  

1 

Mote  and Forbes   ( re f .  3 9 )  measured  dark  adaptation  following  pre- 

adap ta t ion   t o   s t ead i ly   i nc reas ing   o r   dec reas ing   l uminances .   H ighe r   i n i t i a l  

thresholds   and  longer  times for   the  a t ta inment   of   complete   dark  adaptat ion 

were found when pre-exposure was from  zero t o  m a x i m  luminance  rather  than 

t h e  reverse. The  two ramp condi t ions  used were roughly  equivalent i n   t o t a l  

energy.  With  the  decreasing  luminance  condition,  there was a tendency   for  

more rapid  adaptations  following  pre-exposure.  The most  marked d i f f e rences  

were found a t  the   beginning   of   adapta t ion   for   exposures  greater than  1 min- 

u t e  and 225 m l  where d i f f e rences  were on  the  order   of  .6 t o  .8 l o g   u n i t s .  

These differences  disappeared after some 10 t o  1s minutes. 
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The effects   of   pre-exposure.  - We have  discussed  the  process  of  adap- 

t a t i o n  by  assuming t h a t   t h e  eye w a s  i n i t i a l l y   a d a p t e d   t o  a photopic  pre- 

exposure  luminance  field,  and  have  indicated how variat ion  occurs   during 

the  course  of   adaptat ion.  We have also r e s t r i c t e d   t h e   d i s c u s s i o n  so far, 

to  the  simple  problem  of  detecting a threshold   s igna l ,   typ ica l ly   whi te  

l i g h t .  Now we  s h a l l  examine some effects   on  the  process   of   adaptat ion 

due to   even t s   t ha t   occu r red   be fo re   t he   p rocess  w a s  i n i t i a t e d .  

It has  been amply demonst ra ted   tha t   the   charac te r i s t ics   o f   the   p re-  

adapt ing  f ie ld   inf luence  the  course  of   subsequent   adaptat ion.  The o v e r a l l  

adaptat ion  curve shown i n   f i g u r e  33 occurs when the  eye  has  been  exposed 

to   su f f i c i en t   l i gh t   ene rgy   t o   d r ive   t he   pho tochemica l   p rocess   t o   t he   po in t  

where both   the   rods  and cones  are  thoroughly  l ight  adapted  and  are  rela- 

t i v e l y   i n s e n s i t i v e   t o   l i g h t  energy.  Thus, t h e   t y p i c a l  cone-rod  break 

occurs. When the   p re-adapt ing   in tens i ty  i s  low  (lower  mesopic  range) no 

such  break  occurs  and  the  course  of  adaptation i s  descr ibed  by a smooth 

curve  dropping  rapidly  f rom  an  ini t ia l   level .   These  re la t ionships  are 

demonstrated i n   f i g u r e  43. 
Pre-adaptation  duration  influences  the  subsequent,course  of  adap- 

t a t ion .   F igu re  44 demonstrates   that   increasing  the  durat ion  of   the  pre-  

a d a p t i n g   f i e l d  up t o  a duration  of  four  minutes  produces more gradual  

adaptat ion.  A t  the  luminance  used however, i nc reas ing   t he   du ra t ion  be- 

yond t h i s  time d id   no t   fu r the r  a l t e r  the  course  of  adaptation. 

Johannsen, McBride and  Wulfeck ( re f .  32) conclude  that ,  "The 

ef fec t   o f   increas ing   the   b r ightness   and/or   the   dura t ion   of   the   p re-  

exposure l i g h t  i s  t o   i n c r e a s e   t h e   i n i t i a l   t h r e s h o l d  and to   p ro long   t he  

time fo r   t he   eye   t o   r each  a s t a b l e   l e v e l   o f  m a x i m u m  s e n s i t i v i t y . "  

The d a t a   i n   f i g u r e  45 from  reference 6 provides  another means f o r  

de te rmining   the   sens i t iv i ty   o f   the  eyes immediately af ter  exposure  to 

s t imu l i  which are shor t e r   t han  1.5'0 seconds  duration. Assuming, a s  do t h e  

au thors ,   tha t   the   eye   reaches  a r e l a t i v e l y   s t e a d y  s ta te  of l i gh t   adap ta -  

t i o n  i n  15'0 seconds,  shorter  exposures  should  have a l e s s  d i s rup t ive  

e f f e c t  on adaptation  and  thus less decrease in   s ens i t i v i ty .   Accord ing ly ,  

i f  exposure  duration i s  known, the  corresponding  ordinate  value  from 

figure 36 i s  used as a mult ipl ier   of   the   luminance  of   the  exposure  f ie ld  



t o   y i e ld   an   equ iva len t   s t eady  state of  the  eye. It would appear  reasonable 

then   to   use   Nut t ing ' s   da ta   in   f igure40   to   de te rmine   the   th reshold   f lash  

luminance. 

A review summarizing  the  effects of pre-exposure  conditions  on  the 

subsequent  course  of  adaptation  has  been  performed  by  Anderson  (ref. 2 ) .  

Anderson's  conclusions  are  supported  by  experimental   evidence  in  each  case.  

She ca re fu l ly   de l inea te s   t he   c r i t e r i a   fo r   accep t ing   expe r imen ta l   da t a  and 

suggests a number of phenomena r equ i r ing   fu r the r   i nves t iga t ion .   Tab le  XV 

taken  from  her  report  summarizes the  effect   of  increasing  magnitude  of  each 

variable  (rows),   on  various  portions  of  the  dark  adaptation  curve  (columns).  

The numbers i n   t h e  columns correspond  to  portions  of  the  dark  adaptation 

c u r v e   i l l u s t r a t e d   i n   f i g u r e  3 3 ,  and a r e   l a b e l l e d  as i n d i c a t e d   i n   T a b l e  

xv. 
D i s t r i b u t i o n  ." of ~ ~ ~~ l i g h t   i n   t h e   p r e - a d a p t i n g   f i e l d .  - Baker, Debons 

and  Morris  (ref.  5 )  have   i nves t iga t ed   t he   r e l a t ionsh ip  between t h e   i n t e n -  

s i t y  and d i s t r i b u t i o n   o f   l i g h t   i n   t h e   p r e - a d a p t i n g   f i e l d  and i t s  subsequent 

inf luence on the  course  of  dark  adaptation. They suggest, as a r e s u l t   o f  

the i r   exper iments ,   tha t  area and i n t e n s i t y   a r e   r e c i p r o c a l l y  related i n  terms 

of their   inf luence  on  subsequent   dark  adaptat ion.  As a working  value  they 

suggest   the   average  luminance  of   the  effect ive  f ie ld  may be  taken as an  in-  

dex   of   adapta t ion   leve l ,   par t icu lar ly  where v a r i a t i o n   i n   r e t i n a l  image posi-  

t ion  occurs ,   e .g . ,  where the   eye   ac t ive ly   scans  a v i s u a l   f i e l d .  

Var i a t ions  due t o  tes t  st imulus  conditions.  - Previous  discussion 

has t r e a t e d   t h e  test stimulus as a po in t ,   o r   pa t ch  of   whi te   l igh t .  However, 

as d e s c r i b e d   i n   t h e   i n i t i a l   d i s c u s s i o n   o f   t h e   c h a r a c t e r i s t i c s   o f   r o d  and 

cone   func t ion ,   t he re   a r e   d i f f e rences   i n   func t iona l   capab i l i t i e s   r e l a t ed   t o  

changes i n   s e n s i t i v i t y .  

When the  observer  i s  r e q u i r e d   t o   r e s o l v e   d e t a i l   i n   t h e   t e s t   p a t c h  

ra ther   than   s imply   repor t  i ts  presence  the  form  of   the  sensi t ivi ty   curve 

va r i e s   w i th   t he   na tu re  of t h e   p a t t e r n .   F i g u r e  46 shows t h i s  phenomenon 

over  time when gr id   l ines   subtending   var ious  v i s u a l  angles  were used as 
t e s t   s t i m u l i .   L a r g e r   p a t t e r n s  were  resolvable a t  lower   i n t ens i t i e s ,  and 

the  curves are assymptotic as a func t ion  of angular s i ze  of t h e  tes t  g r i d  
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elements.  Figure 38 shows t h e   r e s o l u t i o n   t h r e s h o l d s   f o r   d e t a i l   o f   v a r i o u s  

angular  size  immediately af ter  the   t e rmina t ion   of   p re-adapt ing   f ie lds   o f  

va ry ing   i n t ens i t i e s .  When a series of   visual   tasks ,   carying  in   complexi ty ,  

were used   to   s tudy   the   course   o f   adapta t ion ,  Miles, as reported  by Brown, 

e t  al. ( ref .  16) , found  that   progressively  lower  thresholds  were obtained 

as the   complex i ty   o f   t he   t a sk   dec reased   ( a i r c ra f t   o r i en ta t ion ,   a i r c ra f t  

i d e n t i f i c a t i o n ,   p a t t e r n   d e t e c t i o n ,   l i g h t   d e t e c t i o n ) .  

C r a i k   ( r e f .  1 9 )  adapted   subjec ts   to  a given  luminance  and  then  de- 

te rmined   v i sua l   acu i ty   to  a s t imulus a t  v a r i o u s   i n t e n s i t i e s  which was pre- 

s en ted   fo r  2 seconds.  This i s  roughly   equiva len t   to   the  method of   Nutt ing 

for determining  absolute   thresholds .   Craik  found  that   acui ty  was h ighes t  

under  conditions  where  adapting  and tes t  f i e l d s  were  approximately  equal 

over a range  from 10 t o  10,000 f t .  l a m b e r t s .   S l i g h t l y   b e t t e r   a c u i t y  was 

found  below 10 f t .  lamberts  when the   adap t ing   l eve l  was lower  than  the t es t  

l eve l .  
The course   o f   sens i t iv i ty   dur ing   adapta t ion   a l so  varies w i t h   t h e  

spec t ra l   composi t ion   o f   the   t es t   s t imulus .   Chapanis  ( re f .  18) s t u d i e d   t h i s  

phenomena f o r  cone  and  rod  vision  through a 45 minute  adaptation  period, 

His da ta  are p r e s e n t e d   i n   f i g u r e  48. It can  be  seen  for  example tha t   sen-  

s i t i v i t y   t o   r e d   l i g h t   n e v e r   i n c r e a s e s  beyond the   po in t  where the  rod cone 

break  occurs. It a p p e a r s   t h a t   t h e   r o d s   a r e  more s e n s i t i v e   t o   t h e   s h o r t  

wavelengths  while  the  cones are sens i t ive   to   the   long   wavelengths .  

Monocular and b inocular   s t imula t ion .  - It has  been  reported  that  
~~ . 

absolu te  and different ia l   thresholds   are   modif ied  depending  on  whether  

monocular o r  binocular  viewing i s  u t i l i z e d .  Ronchi ( re f .  42) states t h a t  

t he  improvement i n  performance i n  going  from  monocular t o   b i n o c u l a r   v i s i o n  

i s  s ignif icant   and  constant   even i f  of small magnitude.  LeGrand ( r e f .  33) 
i n d i c a t e s   t h a t  many researchers   repor t  a dec rease   i n   abso lu t e   t h re sho lds  

with  binocular  as compared t o  monocular  regard,   but  declares  that   there i s  

controversy  with  respect   to   the  magni tude  of   the  effect .  LeGrand suggests 

t h a t   d i v i d i n g   t h e  monocular  threshold  value  by 1 . 2  will y i e l d   t h e  most re- 

l i ab le   e s t ima te   o f   t he   b inocu la r  summation e f f e c t .  He a l s o   p o i n t s   o u t   t h a t  

the   absolu te   th reshold   o f  one  eye  can  be  considered as quite  independent  of 

t he  s ta te  of  adaptati0.n  of  the  other  eye,   suggeshing  that  a l eve l   o f   s ens i -  
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t i v i t y  may be   p reserved   in   an   a l te rna te ly   b r ight  and  dark  environment  by 

keeping  one eye c l o s e d   i n   t h e   l i g h t .  Bownan ( r e f .  1 2 )  measured thresholds  

f o r  one  eye  under  conditions where var ious  adaptat ion stimuli were  provided 

for   the   o ther   eye .  It was found  that   s teady  thresholds  were not  influenced 

by o the r  eye adaptation  conditions.  There  were momentary f l u c t u a t i o n s   i n  

threshold when i n t e r m i t t e n t   s t i m u l a t i o n  was app l i ed   t o   t he   o the r  eye. This  

may be a resu l t   o f   neura l  phenomena as suggested by  Boyntori ( r e f .  13). 

D i f f e r e n t i a l   S e n s i t i v i t y  and V i s i b i l i t y  

The considerat ions  discussed  above,   re la t ive  to   dark  adaptat ion,  

apply   p r imar i ly   to   the   de te rmina t ion   of   the   absolu te   sens i t iv i ty   o f   the   eye .  

We have ind ica t ed  t h a t  t h e   d i s t i n c t i o n  between  absolute  and  differential  

s e n s i t i v i t y  depends  upon  the method  and the purpose of i nves t iga t ion .  If 

t h e   v i s u a l   f i e l d  i s  e n t i r e l y  dark except   for   the  s t imulus,  and the  t ime 

course o f  s e n s i t i v i t y  i s  being  measured,  emphasis i s  on adaptation. If the  

f i e l d  i s  not  dark, and a r e l a t i v e l y   s t e a d y   s t a t e  o f  exposure i s  maintained 

we typica l ly   speak   of   d i f fe rence   th resholds   o r   cont ras t   th resholds .  It i s  
ind ica ted   tha t   the   s tudy   of   Hat twick   ( re f .  28) e s s e n t i a l l y   t r a n s i t i o n s   b e -  

tween these  two areas .  

The most ex tens ive   inves t iga t ions  of d i f f e r e n t i a l   s e n s i t i v i t y  have 

been  conducted  by  Blackwell and a r e  commonly  known as the   T i f fany   S tudies  

a f te r   the   foundat ion  which sponsored  the  research. The most r e a d i l y   a v a i l -  

able   source  of   these  data  i s  t h e   a r t i c l e  by  Blackwell   (ref.  9 )  descr ibing 

the   s tud ie s .  Measurement was made o f   t h e   c o n t r a s t   r a t i o   r e q u i r e d   f o r  a 50% 

probab i l i t y   o r   de t ec t ion   o f   c i r cu la r   t a rge t s   (up   t o  6' v i s u a l  angle)   aga ins t  

luminous f i e l d s  viewed  with  binocular  vision and with  unlimited  viewing  time. 

Time and location  of  st imulus  occurrence was known. Figure 49 from  the 

Blackwell   s tudies  shows th re sho ld   t a rge t  s i z e  as a func t ion  of background 

luminance and c o n t r a s t   r a t i o .   T h e s e   r e s u l t s  have  been  extended  by a number 

o f   au tho r s   t o   i nc lude   l a rge r   angu la r   s i ze s   ( r e f .  48) and to   i nco rpora t e   t he  

e f f e c t  o f  different   viewing times. Contrast  i s  defined as, 

Bt - B 
c = .B x 100 
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where Bt i s  t h e   t a r g e t  luminance  and B i s  the  background  luminance. The 

r a t i o   v a r i e s  from  zero t o  100% fo r   t a rge t s   da rke r   t han   t he i r   background  and 

from z e r o   t o   i n f i n i t y   f o r   t a r g e t   l i g h t e r   t h a n   t h e i r  backgrounds.  Although 

gene ra l ly   u sed   fo r   b r igh t   t a rge t s   on  a da rke r   f i e ld ,   t he   r e l a t ionsh ip   ho lds  

f o r  the   r eve r se  as well. Seve ra l   add i t iona l   s tud ie s   ex t end ing   t he   i nves t i -  

g a t i o n   t o  non-uniform f i e l d s  have  been  performed (ref.48).  
Blackwell   ( ref .  11) has   s tud ied   t he   e f f ec t s  of  t a r g e t  s ize ,  durat ion,  

loca t ion ,  and time o f   occu r rence   r e l a t ive   t o   de t ec t ion   t h re sho lds  and d i s -  

cusses   the  use  of   weight ing  factors .   Taylor  ( re f .  49) has   s tud ied   the   e f -  

f e c t s  o f  p r a c t i c e  and  claims  that  a c o r r e c t i o n   f a c t o r   o f  1.90 i n  con t r a s t  

r a t i o  will compensate for   the  difference  between  naive  and  t ra ined  observers .  

Blackwell   reported a f a c t o r   o f  2.00 i n  a study  cited  by  Taylor.  A s  a rough 

ru le   o f  thumb to  be  used where the   da t a  were obtained  by a yes/no  technique, 

Taylor   suggests   doubl ing  the  l iminal   contrast   value.  

From an   appl ied   v iewpoin t ,   the   da ta   for   de tec t ion  o f  t a r g e t  satel- 

l i t e s  may be   t r ea t ed  as equivalent   to   the  problem of determining  thresholds 

for moving point   sources   of   l ight ,   wi th   the  addi t ional   considerat ion  that  

t h e   f i e l d   o f  v i e w  i s  usua l ly  much l a r g e r   t h a n   t h a t  employed i n  s tud ies   o f  

motion  detection o r  motion  perception. A paper  by  Gulledge, e t  a l .   ( r e f . 2 5 ) ,  

t reats of   the   de tec t ion   of   ear th   o rb i t ing  satel l i tes  and provides a com- 

par i son   be tween  cont ras t   th resholds   requi red   to   perce ive   s ta t ic   t a rge ts   and  

those   requi red   to   perce ive  moving t a r g e t s   a g a i n s t   t h e  same background lumi- 

nance.  For  purposes  of  their   investigation  the  authors  used  the  fact   that  

a t a r g e t  a t  d i f f e r e n t   o r b i t a l   a l t i t u d e  would  have d i f f e ren t   angu la r  rates 

of  motion  with  respect  to a ground  observer, and  would be moving simultan- 

eously  against   backgrounds  of   dif ferent   intensi t ies  as a func t ion   of   the  

o r b i t   a l t i t u d e .  Thus t h e i r   d a t a  confound t h e   i n c r e a s e   i n   t h r e s h o l d  due t o  

angular ra te  of  motion  with  the  changes  due t o   a b s o l u t e   l e v e l   o f   t h e   s u r -  

round. 

V i s i b i l i t y .  - Morris ( re f .  37) h a s   l a i d   t h e  groundwork f o r   u s i n g  

s t a t i c   con t r a s t   t h re sho lds   fo r   v i s ib i l i t y   and   app ly ing  them t o  moving tar- 

ge ts ,   by   a rguing   tha t   the   dura t ion   of   the  r e t i n a l  image of the   t a rge t ,   de-  

rived  from  the angular velocity,   can  be  used as a b a s i s   f o r  comparing these  
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data t o  t h e  s t a t i c   c a s e .  It has  been  demonstrated  (refs. 23, 51) t h a t  as 

t h e  eye  searches, it remains  s ta t ionary,   e .g . ,   f ixated on a p a r t i c u l a r  

point   for   about  1/3 of a second.  Accordingly  contrast   thresholds  obtained 

with 1/3 second  s ta t ic   s t imulus  exposure  durat ions are used  to   provide 

equivalent   threshold  values   to   the  search  case.  

Blackwell   ( ref .  10) states, !!Spatial summation of  stimulus  energy 

occurs  within  the  visual  system, and that   an  empir ical   weight ing  funct ion 

can  be  found  by  experiment  which  can  then  be  applied  to a considerable 

range  of  stimulus  shapes.  Such  factors as adaptation,  luminance,  posit ion 

i n   t h e  f ie ld ,  and  time o f  p re sen ta t ion  must  be  considered.!!  Duntley ( r e f .  

22) has developed  techniques  by  which  targets  with  various  shapes  can be 

reduced to   equivalent   discs .   Applying  these  considerat ions  to  t h e  Black- 

we l l   da t a ,   r e su l t s   i n  a statement of  de t ec t ab i l i t y   fo r   ex t ended  moving 

t a r g e t s .  Hardy ( r e f .  27) p re sen t s  a s e t  of t a b l e s   f o r   c o n t r a s t  as a func- 

t i o n  of  angular  size  derived  from  the  Blackwell  data, covering  the  range 

from . 1 2  minutes  to 360 minutes,  and  background  from t o  10 f t . l amber t s .  3 

Duntley ( re f .  22) p re sen t s  a review of  the  extensive work he  and h i s  

co-workers  have  done i n   t h e  area of v i s i b i l i t y .  We have  paraphrased t h i s  

work for   the   fo l lowing   s ta tements   re la t ive   to   v i sua l   de tec t ion   of   ex tended  

objec ts   aga ins t  sky o r  planetary  backgrounds. 

The desc r ip t ion  of  v i s u a l   d e t e c t i o n   t a s k  i s  s impl i f i ed ,  

because  the  photometric  nature  of  the  object and  background 

can  be  specif ied  in   terms  of   contrast .   Further ,  the  shape 

o f  an o b j e c t  i s  of  mtnor  consequence  but  specification o f  

angular s i z e  i s  qu i t e   impor t an t .   Co lo r   con t r a s t   has   l i t t l e  

e f f e c t  on v i s ib i l i t y   bu t   i n f luences   sup ra   t h re sho ld  judgment. 

Dunt ley   s ta tes ,   " . . . .under   v i r tua l ly  all circumstances geomet- 

r i c a l l y   i d e n t i c a l   o b j e c t s  are e q u a l l y   d e t e c t i b l e  i f  t h e i r  

u n i v e r s a l   c o n t r a s t s  are equal  in  magnitude.. . ' !  

Under condi t ions of h igh   (dayl ight )   adapta t ion   v i sua l  

t h re sho ld   p rope r t i e s   a r e   nea r ly   i nva r i an t   t o   adap t ing  lumi- 

nance i n   t h e   c e n t r a l  1' of   foveal  area. When o b j e c t s  are 

small enough t o  be   t r ea t ed  as po in t s   t hey  are de tec t ab le  

s o l e l y   o n   t h e   b a s i s  of flux. A t  mesopic   ranges  sensi t ivi ty  
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o v e r   t h e   r e t i n a  i s  almost  uniform  but  resolution 

diminishes  towards  the  periphery.  A t  s c o t o p i c   l e v e l s  

s e n s i t i v i t y  i s  h i g h e s t   i n  a r ing  shaped  parafoveal   area 

of   g rea tes t   rod   dens i ty .  

Successive  s tages   of   visual   performance may be 

i d e n t i f i e d  as: 

de t ec t ion  - as a spo t  

recogni t ion  - as a sh ip  

c l a s s i f i e d  - as a passenger   ship 

i d e n t i f i e d  - as a p a r t i c u l a r   s h i p  

T a y l o r   ( r e f .  48) descr ibes   severa l   cons idera t ions ,  termed f i e l d  

factors,  which are necessary   in   conver t ing   f rom  labora tory  data t o   f i e l d  

appl ica t ions .   S ince   these  data are s t a t i s t i c a l l y   d e r i v e d ,  and the observer 

has  cer ta in   specif ic   information  concerning  the  s t imulus  such  as   s ize ,  

shape,  ' location,  duration and time of occurrence. Other  f a c t o r s  which a r e  

l e s s   r ead i ly   hand led   i nc lude   i nd iv idua l   d i f f e rences ,   t r a in ing ,   f a t igue ,  

and other  secondary  physiological and psychologica l   fac tors .  It is pointed 

out  t h a t  nea r ly  all labora to ry   da t a  i s  co l lec ted   by   the  method of   constant  

stimulus  and  presented i n  terms of a 50% probabi l i ty   o f   see ing .  It i s  

poss ib l e   t o   app ly  a conversion  factor  which will y i e l d  any   des i red   l eve l  

of   p robabi l i ty .  Even t h i s  depends  on the  spec i f ic   cons tan t   s t imulus  

technique employed. 
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SEI ';TNG MOTION AND CROSS RANGE I N F O W T I O N  

In t roduc t ion  

Information  concerning  the  angular rate o f   t he   l i ne   o f   s igh t  i s  
needed f o r   c e r t a i n  visual rendezvous  guidance  schemes. If one assumes an 

imaginary l i n e   o f   s i g h t  from the   eye   to   the   t a rge t ,   then   mot ion   of   the  

ta rge t   p ro jec ted   on to  a surface normal t o   t h e   l i n e  of sight  can  be  used 

to  define  motion of the   l i ne   o f   s igh t .   Fo r  a r e a l   t a r g e t  moving i n   c r o s s  

range a t  cons tan t   ve loc i t ies ,   angular   ra te  will change as the   ob jec t  

t r a v e r s e s   t h e   f i e l d .   I n   c e r t a i n  schemes ( r e f .  5 )  the  rate  of  motion  need 

not   be   d i rec t ly   es t imated ,   ra ther   the   p i lo t   nu l l s   ou t   any   apparent   mot ion  

of t he   veh ic l e   ac ross   t he   l i ne  of s igh t .   I n   such   ca ses ,  assuming a sta- 

b i l i zed   veh ic l e ,  angular deviat ions from t h e   d e s i r e d   l i n e  of s ight   should 

be   ra ther  s m a l l ,  and considerat ion  of   motion  in   plane  or   spherical   co-  

ordinates  will y i e l d   r e l a t i v e l y   l i t t l e   d i f f e r e n c e .  

Real  motion may be  defined as " . . . t h e   e x p e r i e n t i a l   c o r r e l a t e  o f  

object ive  displacement ."   ( ref .  4b) There  are many examples  of  apparent 

motion  which a r e   i l l u s i o n s  of physical  motion when  no corresponding phy- 

s i c a l  change  occurs. Changes a long   the   l ine   o f   s igh t   ( range)   a re  commonly 

s tudied as dis tance  percept ion,   not  as motion,  and a r e  most of ten   s tud ied  

as s ta t ic   discr iminat ions,   e .g . ,   determinat ion  of   the  range  of  a s i n g l e  

ob jec t ,   o r   t he   d i f f e rence   i n   r anges  between two objec ts .  What i s  commonly 

s tudied as motion  perception  involves  the  objective  displacement  of  st imu- 

li i n  a p lane   perpendicular   to   the   l ine   o f   s igh t .  

There   appears   to   be   very   l i t t l e   research  which parametr ical ly  

t r e a t s  motion  along a v e c t o r   l y i n g   o u t   o f   t h e   f r o n t a l   o r   l i n e   o f   s i g h t  

planes.  There are s t u d i e s  which involve   the   percept ion   of   the   en t i re  

f i e l d  of v i e w  i n  motion  such as those of Gibson ( r e f .  22). Much of t h a t  

work i s  incorporated  in   the  contact   analog  display  system which tries t o  

geometr ica l ly   recrea te  dynamic v i s u a l  aspec ts   o f   the   rea l   wor ld .   P i lo t s  

are familiar with  s t reaming  effects  which involve  the  perception  of  motion, 

provide  information  concerning  f l ight   path  vectors   or  ground t racks .  Many 

of the  cues   subserving  these  percept ions are unavai lab le   in   the   rendezvous  

s i tuat ion  because of the  re la t ive  emptiness   of   the  v i s u a l  f i e l d .  



For our  purposes it i s  necessa ry   t o   cons ide r   t ha t   ac tua l   spacec ra f t  

motions  can  be  resolved  into  components, namely, range  (dis tance  percep-  

t ion) ,   range ra te  (motion i n   d i s t a n c e ) ,  and  cross-range  displacement  and 

motion.  This i s  no t   en t i r e ly   i nappropr i a t e   t o   t he   r e l a t ive ly   impover i shed  

cue  environment  of  space. The guidance  schemes  amenable t o   v i s u a l  imple- 

menta t ion   can   a l so   avoid   the   necess i ty   for   es t imat ing   re la t ive ly  complex 

r e l a t i v e  motion  paths.  Furthermore, i t  appea r s   t ha t   t he   s enso ry   bas i s   fo r  

making discr iminat ions  a long  the l i n e  o f   s i g h t   d i f f e r s  from those  used  in  

making d i sc r imina t ions   ac ross   t he   l i ne   o f   s igh t .  The cue   bas i s   fo r   t he  

percept ion o f  motion i s  not   successive  s t imulat ion of  a d j a c e n t   r e t i n a l  

a r e a s ,   f o r  many s t u d i e s  show t h e   s t i m u l u s   s i t u a t i o n   t o   b e  much more com- 

plex,  and explanations  based on success ive   s t imula t ion  are inadequate.  

Cues for   dis tance  have  been  extensively  s tudied and are d e s c r i b e d   i n   d e t a i l  

i n   ano the r   s ec t ion .  

Because we  a r e  concerned  with  deriving  guidance  information we a r e  

p r imar i ly   i n t e re s t ed   i n   t he   d i sc r imina t ion  o f  motion after a target   has  

been  acquired. However, t h e   l i t e r a t u r e  on  search  and  detect ion,   t reat ing 

o f  how we f i nd   t a rge t s ,   con ta ins  much valuable   data   and  there  i s  a c e r t a i n  

similarity between  the  experimental   s i tuat ions  in  which search ,   de tec t ion  

and  motion are s tudied .  

I n   t h e   o p e r a t i o n a l   s i t u a t i o n ,  i t  i s  most   probable   that   the   target ,  

when i n i t i a l l y   d e t e c t e d ,  will appear as a po in t  or small area  source  due  to  

the  geometry  of  rendezvous  and  of  flyby  missions.  There i s  a s u b s t a n t i a l  

amount of data  concerning  the  perception  of  motion i n  small t a r g e t s  but  

r e l a t ive ly   l i t t l e   w i th   l a rge r   ex t ended   sou rces ,   Opera t iona l ly ,  most t a r -  

ge t s  will be  seen   aga ins t   the  sky background. I n   t h e s e   c a s e s   t h e   v i s i b l e  

s ta rs   can   se rve  as re ference   po in ts .  Some t a r g e t s  will be   seen   aga ins t   the  

background o f  t h e   e a r t h  o r  moon, o r  aga ins t  a combinat ion  of   f ie ld   objects ,  

where t ex tu re   o f   t he   ob jec t  o r  presence  of  the  horizon  might  serve as an 

addi t iona l   re fe rence .  

Phenomenal Charac t e r i s t i c s  of  Motion 

The appearance  of a moving object   changes  as  a funct ion  of  i t s  

angu la r   r a t e  of motion.   Consider ing  central ly   f ixated  objects ,   several  

l e v e l s  may be  dis t inguished ( re f .  47) .  These are: 
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1. infra-perceptible:   actually  motion  below  the  absolute 

t h r e s h o l d   f o r   d i r e c t   p e r c e p t i o n  of motion. 

Motion is  i n f e r r e d  from  successive  changes i n  

pos i t i on .  

2. pe rcep t ib l e  motion: 

a. slow - t he   ob jec t  i s  seen   c lear ly   wi th  no 

blurr ing;  

b. medium - the   ob jec t   appears  comet l i k e ,  and 

has a t a i l ;  

c. fast  - the   object   appears  all blur ,  and 

direct ion  of   motion i s  d i f f i c u l t   t o  

discr iminate .  

3. supra-threshold  motion:  motion so rapid  nothing  can  be 

seen. 

According t o  DeSilva  ( ref .  17), a wh i t e   ve r t i ca l   ba r   o f   l i gh t  

appeared  to   have  the  fol lowing  character is t ics  as a funct ion of angular 

veloci ty:  

Velocity  (degreedsec)  Appearance 

3-10 

10-14 
14-21 

2 1  -58 
58-116 

d i s t i n c t  moving contours 

s l i gh t ly   b lu r ry   con tour s  

t a i l  appears,   form  rather vague 

sheet  of  l ight,   wavering 

s l i g h t l y   v i b r a t i n g   s h e e t   o f  
l i g h t  

above 116 s t a t iona ry   shee t  of l i g h t  

There i s  a considerable  degree  of  agreement  between  these  classifi-  

cat ions  consider ing  the  par t icular   s t imulus  used.  J. F. Brown ( r e f .  6)  pre- 

s e n t s   a n   e s s e n t i a l l y  similar l i s t  of  changes in   t he   appea rance  of a moving 

stimulus as speed i s  increased and r e p o r t s  similar d e s c r i p t i o n s   i n   t h e  work 

of  o t h e r   i n v e s t i g a t o r s .  It will be   seen   tha t   these   descr ip t ions   a re  a l s o  

consis tent   with R. H. Brown's ( r e f .  10) description  of  motion. He de f ines  

the  s implest   event  as visible motion  where the   obse rve r   me t   r epor t   whe the r  

o r   no t  a stimulus  appeared.  This i s  equ iva len t   t o   de t ec t ion  and relates t o  
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the  procedures  used i n   v i s i b i l i t y  and  search  calculat ions.  A more  complex 

judgment involves   the  determinat ion  of   the  direct ion  of   motion.  An upper 

threshold  i s  reached when the  motion  appears as a s t r e a k   o f   l i g h t  and t h e  

d i rec t ion   a long   th i s   s t reak   cannot   be   d i scr imina ted .  It should  be  noted 

t h a t   t h e   r e l a t i o n s h i p  between the  physical   and  behavioral  phenomena will 
change as the  nature  of  the  observer 's   task  changes  from  simple  detection 

t o  more complex  judgments. 

The exact  appearance  of  the moving s t imulus will depend pr imar i ly  

upon i t s  in tens i ty ,   background  i l lumina t ion ,   s ta te  o f  adaptat ion  of   the 

eye,   rate  of  motion and exposure  duration. A systematic   invest igat ion  of  

t he   f ac to r s   t ha t   unde r l i e   t he   boundar i e s  between t h e   p e r c e p t u a l   s t a t e s  

might  permit a c l a s s i f i ca t ion   o f   angu la r   r a t e   u se fu l   fo r   app rox ima t ing  

a c t u a l   v a l u e s   i n   o p e r a t i o n a l   s i t u a t i o n s .  By desc r ib ing   t he  phenomenal 

appearance  of  the  motion  the  actual rate might  be  estimated. 

Opera t iona l ly  however, it i s  not  always  necessary t o  make absolu te  

judgments of angular rates but   on ly   to   de tec t   whether  o r  no t   t he re  i s  motion. 

Judgments of a b s o l u t e   r a t e s  may be  of   value  in  making co r rec t ive  maneuvers 

however. Br i ssenden   ( re f .  5 )  emphasizes  the  importance  of  establishing  the 

minimum a n g u l a r   r a t e s  which  can  be  detected,  and  gives .1 mrad/sec. as an 

operat ional   requirement   for  a l i n e  o f   s igh t   nu l l i ng   t a sk ,  where t a r g e t  

motion was reso lved   aga ins t  a star background.  There was no requirement   for  

making an   absolu te   judgment   o f   the   ac tua l   ra te  o f  motion. 

Definit ions  of  Thresholds f o r  Motion  Perception 

In  a t tempting  to   review  and  systematize  the  data   on  motion  thres-  

holds, we have   been   unable   to   formula te   an   en t i re ly   sa t i s fac tory   o rganiza-  

t i o n  of t h e  types of thresholds  because of t h e   v a r i e t y  of methods,  tech- 

niques, and experimental   var iables  which  have  been  employed. I n  any  case, 

t h e r e   a r e   c e r t a i n   d i s t i n c t i o n s  which  can  be made t o  assist i n  understanding 

j u s t  what i s  measured. 

D i s t inc t ions  between  independent  and  dependent  variables. - Inde- 

pendent   var iab les   a re   those   phys ica l   s ta tes  o r  opera t ions   es tab l i shed ,  con- 

t r o l l e d ,  and  manipulated  by  the  experimenter. They r e s u l t  i n  changes i n  

some perceptual  experience,  the  measure  of  which i s  the  dependent  variable.  

- .- More than  one  independent o r  dependent  variable may be  simultaneously 

64 



int roduced  into  any given experimental   s i tuat ion.  

With r e s p e c t   t o   t h e   s t u d y  of motion, the  primary  independent  var- 

i a b l e s  can be   de l inea ted  as fo l lows   ( re f .  &O): 
I. 
2. 

3. 

4. 

5. 

6 .  
7. 
8. 
9. 
10. 
11. 
12. 

phys ica l   ve loc i ty   o f   the  moving stimulus; 

fonn  and s ize   o f   the   s t imulus ;  

presence  or  absence of f ixed   re ference   ob jec t  and 

absolute  and relative b r igh tness  o f  the   s t imulus  

the i r   na tu re ;  

and  the  background; 

t h e  background; 
absolute  and relat ive  color   of   the   s t imulus  and 

l ight   or   dark  adaptat ion  of   the  eye;  

monocular  and  binocular  observation; 

macular   or   per ipheral   observat ion;  

dis tance  of   observat ion;  

durat ion  of   the  observat ion  per iod;  

eyes   f i xa t ed   o r   f r ee ;  

c h a r a c t e r i s t i c s   o f   t h e   p a t h  of movement. 

To these  we can  add  the  fol lowing  addi t ional   factors   cul led from our   re -  

v i e w  o f   t h e   l i t e r a t u r e :  

13. s i z e   o f   t h e   f i e l d  of view; 
14. f a t i g u e ;  

15. l e a r n i n g   e f f e c t s ;  

16. method of  experimentation. 

Pa r t i cu la r   cons ide ra t ion  must  be  given t o   t h e   d e t a i l e d  methods o f  

study  ( i tem 16) for   these   d i f fe rences   in   exper imenta l   p rocedures   y ie ld  

fou r   t h re sho ld   de f in i t i ons  as follows: 

1. Iaochronal   thresholds  - the   dura t ion  of  exposure i s  
held  constant a t  all test  v e l o c i t i e s  and t h e  ex- 

tent of t r a v e l  is var ied   to   p roduce   the   cons tan t  

d u r a t i o n   ( r e f .  35). 
2. Isometr ic   thresholds  - t h e   e x t e n t  or t r a v e l  is f i x e d  

and t he   du ra t ion   o f   p re sen ta t ion  i s  va r i ed   t o   p ro -  

duce t he   cons t an t   d i s t ance   ( r e f .  35). 
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3. Heterodimensional  thresholds - extent  and  dura- 

t i o n   a r e  randomly  changed  from presenta t ion  

to   p re sen ta t ion .  ( ref .  3 5 ) .  
4. Displacement  thresholds - defined as t h e  smallest 

angular   dis tance  over  which  motion  of a given 

rate may be  judged,  produced  by  varying  dis- 

tance  while  rate  of  motion i s  held  constant  

( r e f .  25) .  

The f irst  three  procedures  can  apply  to  absolute  threshold  deter-  

minations as well as d i f fe rence   th reshold   de te rmina t ions  where successive 

presenta t ions  are made of  the  comparison  stimuli.  These  conditions  are 

desc r ibed   l a t e r .  

IndeDeradent va r i ab le s  and absolute   thresholds .  - A l l  o f   t he   f ac to r s  

l i s t e d  under  independent  var’iables  apply  to  the  determination  of  what  has 

been  termed the absolute   threshold  for   visual ly   perceived  motion.   This  i s  

generally  determined i n   s i t u a t i o n s  where a s ingle   s t imulus  i s  a c t u a l l y   d i s -  

p laced   wi th   respec t   to  a reference  f ie ld ,which i s  f ixed .  

A simple  case  might  involve one p o i n t   o f   l i g h t  which i s  displaced 

over   t ime  with  respect   to  a f ixed   re ference .  Even i f  only a s i n g l e   v i s u a l  

st imulus i s  presented,  visual  motion may be   pe rce ived   r e l a t ive   t o  a gravi-  

t a t iona l   f rame  of   re fe rence   es tab l i shed   by   k ines the t ic  and ves t ibu lar   cues .  

Independent  variables and d i f fe rence   th resholds .  - Di.fference 

th re sho lds   a r e   de r ived   i n   s i t ua t ions  where two stimulus  objects  undergo 

actual   d isplacement   with  respect   to   the  f rame  of   reference.   In   tes t ing 

difference  thresholds  the  following  additional  independent  variables  are 

involved: 

1. A t  l e a s t  two ob jec t ive ly   d i sp l aced   s t imu l i   a r e  
presented. 

2. S t imul i  may be   p resented   c lose   toge ther   o r  
s epa ra t ed   spa t i a l ly .  

3. S t imul i  may be  presented  successively  or  
s imul t aneous ly   i n  time. 

Some d i f f i c u l t i e s   a r i s e   w i t h   t h e s e   c a t e g o r i e s   f o r   t h e   o p e r a t i o n s  do 

not  produce  mutually  exclusive  effects.   For example, two simultaneously 

presented  s t imuli  may be  widely  separated i n  space. They e f f e c t i v e l y  be- 



come temporally  successive  because  they are n o t   b o t h   w i t h i n   t h e   f i e l d  of 

v i e w  and require   a l ternate   viewing.  

Several  combinations  of two object ively  displaced  s t imulus  motions 

are poss ib l e  and the   resu l tan t   th resholds   a re   des igna ted  as follows: 

1. D i f f e r e n t i a l  rate th re sho ld  - two stimuli move a t  
d i f f e r e n t   c o n s t a n t   r a t e s .  

2. Acceleration  threshold - one  stimulus moves a t  a 
constant  rate  while  the  second  accelerates  from 
t h i s  rate t o  a second  rate.   Although  the  tech- 
nique  involves two s t i m u l i  it has  been termed 
an absolu te   th reshold   ( re f .  28) .  

3 .  Dif fe ren t i a l   acce l e ra t ion   t n re sho ld  - two s t i m u l i  
s t a r t i n g  a t  t h e  same ve loc i ty   undergo   d i f fe ren t  
acce le ra t ions .  

The stimuli   used  in  these  comparisons  need  not  be  presented  simul- 

taneously  but  could  be  presented  successively.  Some ques t ion   then   a r i ses  

as to   whether   there  i s  a c t u a l l y  one s t imulus   o r  two. For  example, i t  i s  

poss ib le   to   p resent  a s ingle   acce le ra t ing   s t imulus  and determine a th re s -  

hold based on t h e   o b s e r v e r f s   a b i l i t y   t o   j u d g e  when speed  has  increased. 

Another  case  involves  what  has  been  called  the  instantaneous  threshold 

f o r   v e l o c i t y   ( r e f s .  26, 30, 38). Depending  on point  of  view, t h i s  i n -  

volves  the  instantaneous change i n   t h e   v e l o c i t y  of a s i n g l e   t a r g e t   o b j e c t ,  

o r   t h e   i n s t a n t l y   s u c c e s s i v e   p r e s e n t a t i o n  of two d i f fe ren t   ra tes   o f   mot ion .  

An example  of a threshold measurement  procedure  which  does  not f i t  

nea t ly   in to   the   d i f fe rence   th reshold   ca tegory   der ives   f rom  the  work of  Lina 

and  Assadourian  (ref. 34). Here, two v e r t i c a l   l i n e s ,   p r e s e n t e d  a t  various 

i n i t i a l   s e p a r a t i o n s ,  were  simultaneously moved apar t   o r   toge ther .  The 

s i t u a t i o n  was conceived t o  be  analogous  to  the change i n  subtended  visual 

angle  of an approaching   or   receding   sur face   de ta i l .  The threshold  values  

obta ined   for  minimum discr iminable  rate of  change  were  similar t o   t h o s e  

found when a se t   o f   concent r ic   r ings  was changed i n   a n g u l a r   s i z e .  It 

appears   tha t   the  two l ine  s i t u a t i o n  may be  analogous  to  the  displacement 

threshold  involving a change i n   r e l a t i v e   s e p a r a t i o n  as a f tmct ion of 

ve loc i ty .  The e x a c t   i n s t r u c t i o n s  giv.en t h e   s u b j e c t s   a r e   n o t   s t a t e d   b u t  
it appears   subjec ts  were i n s t r u c t e d   t o   j u d g e   t h e   d i r e c t i o n  of t r a v e l .  

Data are p l o t t e d  as a function  of  response tine a t  each rate, and 
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separa t ion   angle .  

Response  dependent  thresholds. -~ - The na tu re  of the   ob ta ined   th res -  

hold may be a func t ion  o f  the  response which i s  requi red  of  the   observer .  

S t r i c t ly   speak ing ,   e s t ab l i sh ing  judgment c r i t e r i a   t h r o u g h   t h e   u s e  of i n -  

s t r u c t i o n s  i s  an  independent   var iable   manipulat ion.   Instruct ions  are  fre- 

quent ly   t reated  as   independent   var iables .   Pract ical ly   speaking,  however, 

w e  f i nd  i t  more use fu l   t o   cons ide r   t he   r e su l t   o f   t hese   i n s t ruc t ions   s epa r -  

a t e l y  from the  c lass   of   independent   var iables .  The fo l lowing   d i s t i nc t ions  

between thresholds  can  be made based  on  the  judgment  required  of  an  indi- 

vidual.  

1. Detection  threshold: The detect ion  of   the  presence  of  a 

moving s t i m u l u s   i n  an o the rwise   s t a t i c   f i e ld   w i thou t   t he   expe r i ence  o f  

motion  per se. This i s  analogous t o  R. H. Brown's v i s i b i l i t y   t h r e s h o l d  

( r e f .  10) and s imply  requires   the  observer   to   report   whether  o r  not  a 

st imulus was p r e s e n t   d u r i n g   t h e   t e s t   i n t e r v a l .  

2.  Absolute  motion  threshold: The recogni t ion   o f   the   p res -  

ence  of a s ing le  moving o b j e c t   i n  an   o the rwise   s t a t i c   f i e ld   gene ra l ly  

accompanied by the  direct   experience  of   motion.  Brown ( r e f .  10) has 

adop ted   t he   c r i t e r i a   t ha t   t he   obse rve r  i s  a b l e   t o   c o r r e c t l y   d e t e c t   t h e  

d i r e c t i o n   i n  which the   s t imulus  i s  moving. This i s  the   lowes t   de tec tab le  

angular  motion. 

A s  i s  apparent from the  preceding  discussion,   there  are a l a r g e  

number o f   f ac to r s  which appear t o  i n f l u e n c e   t h e   a b s o l u t e   t h r e s h o l d s   f o r  

motion. J .  F. Brown ( re f .  6) makes the   po in t   t ha t   t he   abso lu t e   t h re sho ld  

i s  dependent  upon the  conditions  of  measurement,   contending  that   the  defi-  

n i t ion   o f  a th reshold   s imply   in  terms of  angu la r   ve loc i ty  i s  inadequate.  

He found, f o r  example, tha t   increas ing   the   v iewing   d i s tance  and thereby 

decreas ing   the   angular   ve loc i ty   o f   the  image  on the   r e t ina   d id   no t   co r -  

r e spond ing ly   a l t e r   t he   t h re sho ld  when all other   condi t ions  were i d e n t i c a l .  

S p i g e l   ( r e f .  44) states the  absolute  l imen  has  been shown t o   b e  

markedly e f f e c t e d  by the  Ifst imulus matrix" - "The  more  homogeneous t h e  

f i e l d   t h e   g r e a t e r   t h e   r a t e   o f   m o t i o n   r e q u i r e d   f o r   t h e  emergence of  per- 

ceived  motion. Lower thresholds  were a l s o  ob ta ined   wi th   decreased   s ize  

and br ightness  of  the  moving t a r g e t . "  
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Gibson ( r e f .  23) r epor t s   t he   fo l lowing  summary of facts concerning 

motion: 

1. A pa i r   o f   v i sua l   ve loc i t i e s   can   be   d i sc r imina ted   j u s t  as 
accura t e ly   w i th   f i xa t ion   o f   t he   eyes  as wl th   pursu i t .  

2. With  motion  within a frame, thresholds  are lower  near 
the  edge of  the  f rame  than  near   the  center .   Vn  short ,  
t h e   j u s t   n o t i c e a b l e   l i n e a r   v e l o c i t y   v a r i e s   w i d e l y   w i t h  
conditions.  No f ixed   va lues   for   an   absolu te   th reshold  
can  be  obtained." 

3. When comparison i s  made between two widely  separated 
f i e lds ,   r equ i r ing   a l t e rna te   v i ewing   t he  basis of 
v e l o c i t y  judgment may be a frequency  variable,   e.g. ,  
t h e  number of  tfspotstf  passing  by  an  edge. 

4. D i f f e r e n t i a l   t h r e s h o l d   i n  a two  window s i t u a t i o n  
(where  the two s t imuli   are   widely  separated)  i s  10%. 
When the   s t imul i   a re   ad jacent   o r   super imposed   the   d i f -  
ference  threshold i s  much lower.  There is  a l e 0  a d i f -  
fe ren t   exper ience   in   perce iv ing   ve loc i ty   under   these  
conditions.  

5. Rota t ing   su r f aces   y i e ld   t he  same discr iminat ions as 
t r ans l a t ing   su r f aces .  

Dunckerfs work, as reported  by  Gibson  (ref.  2 3 ) ,  ind ica tes   the   p re-  

sence  of a ttgroundlt i s  extremely  important. With only two po in t s ,  o n l y  one 

of  which a c t u a l l y  moving, e i t h e r  may appear   to  move. If a t e x t u r e d   f i e l d  

i s  present   then  the  just   not iceable   displacement  i s  tlextremely smallft i n  

the  order  of  seconds  of  arc. 

The sec t ion   on   ve loc i ty   pe rcep t ion   i n   t he   Tuf t s  Human Engineering 

Handbook ( r e f .  40) presents   the   fo l lowing  summary statements  about  the  per- 

ception  of  motion: 

Path  of  motion - 
Horizontal   thresholds  are lower 

Viewing d i s t ance  - 
Lower angular   thresholds  are found a t  longer-viewing 
d i s t a n c e s  

Exposure  duration - 
Longer  exposure  durations  yield  lower  thresholds 
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Stimulus s i ze  - 
Increased  s i z e  decreases   apparent   veloci ty ,  and 
knowledge  of  st imulus  motion  characterist ics in-  
fluences  judgment. 

S i z e   o f   f i e l d  of  view - 
I n c r e a s i n g   f i e l d   s i z e   d e c r e a s e s   t h e   t h r e s h o l d .  
Apparent  speeds  are  greater i n  s m a l l  f i e l d s  . 

I l l umina t ion  - 
Threshold  .values  decrease  logarithmically as i l l umi -  
na t ion   i nc reases   l i nea r ly .  

Re t ina l  area - 
Threshold  var ia t ion among i n d i v i d u a l s   g r e a t l y   i n -  
c r e a s e d   i n   t h e   p e r i p h e r a l   r e t i n a  and  marked  changes 
i n   s e n s i t i v i t y  depending  on  illumination level. 

Monocu3ar o r  binocular  viewing - 
A t  closer  viewing  distances  monocular  acuity  thres- 
holds  are increased  with  motion  but no decrease i s  
shown fo r   b inocu la r   pe rcep t ion .  

Absolute  Thresholds  for Real Motion 

Considering  the  factors  discussed  above,  there  appears  to  be a f a i r  

degree  of  consistency  between  the  various  value  of  absolute  thresholds.  

T a b l e x V I I i s  a summary of  absolute  thresholds  determined  by  various 

experimenters  along  with  an  indication  of  key  experimental   conditions  under 

which these  values  were obtained.  Clearly,   threshold  values  are  lowered as 

exposure  time i s  increased,   references are provided, o r  s t imu lus   i n t ens i ty  

i s  increased.  For example, t he   gene ra l   fo rm  o f   t h i s   r e l a t ionsh ip   r e l a t ing  

exposure  time t o   t h r e s h o l d  as can  be  seen  from  the Leibowitz data ,  is q u i t e  

consistent  with  that   determined  by  Brissenden ( re f .  s), i n  a s t a r f i e l d  

simulation  experiment. 

V a r i a b i l i t y   i n   t h r e s h o l d  measurements. - R. H. Brown (ref .  1 2 )  has 

compiled da ta  from f ive s tud ie s  which  demonstrate a r e l a t i o n s h i p  between 

the   angular   ra te   o f   the   s t imulus   and   the   var iab i l i ty   o f   ind iv idua l   judg-  

ments. For a range  of  . 2  t o  2000 minutes  per  second  he  f inds  that   the 

v a r i a b i l i t y  i n  th reshold   measures   increases   l inear ly  as t h e  mean threshold  

speed  increases.  The r e l a t i o n s h i p  is  expressed as 0 = .0859 where 

M i s  t h e  mean th re sho ld   va lue .   In  a l a t e r  paper  (ref.  1 2 )  Brown compares 
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l abo ra to ry   da t a   w i th   f i e ld   t e s t   da t a   ob ta ined  on t h e  visual est imat ion  of  

a i r c ra f t   speed .  The same relat ionship  between mean and var iance was found. 

Relationship  between  objective and s u b j e c t i v e   v e l o c i t i e s .  - Eckman 

and  Dahlback ( r e f .  20) performed a s t u d y   i n   o r d e r   t o   c o n s t r u c t  a sub jec t ive  

sca le   o f   ve loc i ty .  The procedure known as f r a c t i o n a t i o n  was t o   r e q u i r e  ob- 

servers t o   a d j u s t  a var iab le   s t imulus  so it appeared  to  move ha l f  as fast 
as a standard. Frcm these  operat ions  over   the  range of phys i ca l   ve loc i t i e s  

from .69 t o  5.72 degreedsec .  of v i sua l   angle ,   they   der ive   the   equat ion  

Vs =- 0.1340 vl. 7703 

t o  relate sub jec t ive   ve loc i ty  (vs) to   phys i ca l   ve loc i ty  (V)  . 
Differences  between  types  of  absolute  thresholds. - Brown ( r e f .   1 0 )  

presents  data f o r  what  he  terms  the  visibil i ty  threshold  and  the  motion 

th re sho ld   ( f igu re  50)  where v i s i b i l i t y  i s  equated  with  the  simple  detec- 

t i on   o f  a l i g h t ,  and  motion requi res   the   cor rec t   d i scr imina t ion  o f  d i r ec -  

t i o n .  

Where s imple   de tec t ion   i s .cons idered ,  Brown's d a t a  and t h a t  of 

Pollock  apply. When the  requirement   for   discr iminat ion o f  d i r e c t i o n  i s  

added, it appears   that   increasing  br ightness   does  not   increase  the  threshold.  

The data reported  by  Conklin,  Baldwin, and Brown ( r e f .  16) a r e  ob- 

t a i n e d   i n  a s i t u a t i o n  where t h e   s u b j e c t  was requi red   to   cor rec t ly   guess  t h e  

d i r e c t i o n  o f  motion,   ra ther   than  s imply  report   the   detect ion o f  a l i g h t .  

Pol lock   ( re f .  3 9 )  makes a d is t inc t ion   be tween  de tec t ion  and recogni t ion 

which i s  a s t i l l  more complex task,  and may be  considered as equiva len t   to  

t h e  problem  of  dynamic v isua l   acu i ty .  

The upper  speed  threshold. - The upper  speed  threshold i s  t h a t  

value where the   t a rge t   d i rec t ion   cannot   be   d i scr imina ted  and the   pe rcep t ion  

i s  of a s ingle   un i form  l ine  of l i g h t .  Data f o r   t h i s   t h r e s h o l d   ( f i g .  Sl), 
taken  from Brown ( r e f .  lo), i nd ica t e   t h i s   uppe r   t h re sho ld  is approximately 

cons tan t   regard less  of luminance. 

E f f e c t  o f  t a r g e t  luminance. - R. H. Brown ( r e f .  93, u s i n g   h i s  own 

data and t h a t  of Pollock ( r e f .  3 9 ) ,  demonstrates   that  rate d i sc r imina t ion  

thresholds  for  various  combinations  of  exposure  duration and luminance  are 

i n  accord  with  the Bunson-Roscoe law f o r   d u r a t i o n s   l e s s   t h a n  ,1 seconds i n  

t h a t   i n t e n s i t y  x time = constant .   Accordingly  the  discr iminat ion  of   veloci ty  
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i s  t aken   t o   i nvo lve  a single  sensory  event  determined by t h e  magnitude  of 

t h e  i n i t i a l  photochemical  response.   This  effect  i s  demonstrated i n  f i g .  

52. A t  slow  speeds  where  transient  energy  level  on small a reas  o f  t h e  

r e t i n a  are high  due  to   the  passing  s t imulus,   threshold  luminance i s  con- 

s t an t   bu t  a t  speeds  higher  than .5 degrees  per  second  threshold  luminance 

i n c 5 e a s e s   u n t i l  it varies in   d i r ec t   p ropor t ion   t o   speed .  

In   the   inves t iga t ion   of   i sochronal   th reshold   ve loc i t ies   Le ibowi tz  

( r e f .  31) shows tha t   th reshold   decreases   wi th   increased   luminance  and in -  

creased  duration.  These  data were p l o t t e d   i n   f i g .  53 with  target   lumi-  

nance as   the  parameter ,  and i n   f i g .  5& with  exposure  duration as the   para-  

meter. 

Pollock ( ref .  39)  studied  speeds  from 50 t o  2000 degrees  per  sec- 

ond f o r  a 1 degree t e s t  patch,  9 degrees   per iphera l ,   ob ta in ing   s l igh t ly  

h i g h e r   t h r e s h o l d s   a t   a l l   s p e e d s   f o r   h o r i z o n t a l  

motions. The fo l lowing   equat ions   descr ibe   the  

threshold   re la t ionship :  

Overa l l  Log y l  = .896 Log 

Horizontal  Log y' = .904 Log 

V e r t i c a l  Log y1 = .878 Log 

as compared t o   v e r t i c a l  

speed-luminance  detection 

x + .54L 
x + ,577 
x + .575 

I n   t h e   a p p l i e d   s e t t i n g  where subjec ts   searched   for  a moving t a r g e t  

Summers, Shea  and Ziedman ( r e f .  45) i n v e s t i g a t e d   t h e   e f f e c t  o f  t a r g e t  i n -  
t e n s i t y  on de tec t ion  time and showed t h a t   t h i s   v a r i a b l e  had  an e f f e c t  on 
i n i t i a l   t r i a l s   b u t   a s   t h e   s u b j e c t s  became  more p rac t i ced   t he   i n f luence   o f  

t a r g e t   i n t e n s i t y  markedly  diminished. I n  a l a t e r   s t u d y   ( r e f .  42)  they  

performed  one  study  which showed  no s i g n i f i c a n t   e f f e c t  due t o   t a r g e t   i n -  

t ens i ty ,  and a second  which  demonstrated t h a t   t h e   e f f e c t   o f   i n t e n s i t y  was 

confined  to  a group  of   subjec ts   unfami l ia r   wi th   the   par t icu lar  star pa t -  

t e r n   a g a i n s t  which they  were at tempting t o  detect   motion. 

E f f e c t  o f  exposure  duration. - A s  has  been  previously  s ta ted,  i n -  
creasing  the  exposure  durat ion  decreases   the  threshold  value  for   motion 

perception. Examples o f   t h i s  may be  derived  from  Tables m I  and XVII 
Brissenden  ( ref .  5 ) ,  i n   t h e   a p p l i e d   s e t t i n g   c l e a r l y   d e m o n s t r a t e s   t h e  re- 

l a t i o n s h i p   ( f i g .  55)  and the  data   of   Leibowitz  ( re f .  31) shown i n   f i g .  54 
a re   gene ra l ly   i n   acco rd .  Thus, the  longer   the  exposure  durat ion  the  lower 
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the   threshold.  

Extent   o f   t rave l .  - Again r e l a t i n g   t h e   e m p i r i c a l   d a t a   t o   t h e  Bunsen- 

Roscoe Law, Brown (ref. 1 2 )  shows, as i n   f i g .  56, t ha t   i nc reas ing   t he  ex- 
t e n t  of t r a v e l   f o r  a s t imulus   pass ing   over   the   re t ina   increases   the   c r i t i -  

ca l   dura t ion .  The figure  demonstrates a constant  energy  requirement  to 

achieve  threshold up t o  a c r i t i c a l   d u r a t i o n  whereupon the  energy  require-  

ment increases  as angular   speed  increases .  

Summary of   energy  re la t ionships .  - When the  extent  of  motion i s  l imited,  

luminance  must i nc rease  as s p e e d   i n c r e a s e s   i n   o r d e r   f o r   t h e   v i s i b i l i t y   c r i -  

t e r i a   t o   b e  met,  up t o  a l imiting  value  of  high  speeds.  A t  moderate lumi- 

nance  and  exposures  shorter  than  the  cri t ical   duration  upper  speed  threshold 

increases  directly  with  luminance up t o  a value which r ep resen t s  m a x i m u m  
speed  for  motion  discrimination where increased  luminance no longer   increases  

the  m a x i m u m  detectable   angular   speed.  This value as reported by Brown ( r e f .  10) 

i s  on the  order   of  36 degrees/sec. 

E f fec t   o f   r e f e rence   po in t s .  - Leibowitz   ( ref .  32) s tud ied   t he   e f f ec t  

of  reference  l ines  on  the  absolute  threshold  for  angular  motion. He found 

t h a t   g r i d   l i n e s  had no e f f e c t  on  motion  perception  for  short   exposure dura- 

t i o n s   ( l e s s   t h a n  .125 seconds)  suggesting tha t  ve loc i ty   d i scr imina t ion  i s  

determined  by  the  underlying  photochemical  process  of  the  retina.   In  other 

words, the  energy  impinging  on a g iven   r e t ina l   a r ea   pe r   un i t  of  time i s  t h e  

determinant;  of a response. A t  long  exposure  durations (16 seconds) where 

judgments   of   successive  posi t ion  appeared  to   be  involved,   reference  l ines  

substant ia l ly   lowered  the  absolute   motion  threshold.   These  data   are   pre-  

s e n t e d   i n   f i g .  57. It i s  a l s o  c lear   tha t   increased   exposure   dura t ion   or  

increased  luminance  lowers  the  overall  threshold. 

From s t u d i e s  done a g a i n s t   s t a r f i e l d  background, it may be  seen 

( r e f s .  5 ,  42, 45) t h a t   i n   g e n e r a l   i n c r e a s e d  star density,   by  providing more 

re ference   po in ts   and   reducing   the   separa t ions   o f   t a rge t  and reference,   re-  

sults i n  improved  performance. 

Several  more appl ied  s tudies   have  specif ical ly   conaidered the e f f e c t  
o f   r e f e rence   po in t s   i n   t he  form  of the number of star r e f e r e n c e s   i n   t h e  
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f i e l d   o f  v i e w .  Brissenden  (ref.  5 )  considered  absolute   threshold  discr imi-  

na t ions  when t h e   i n i t i a l   s e p a r a t i o n   o f   t h e   t a r g e t  and  nearest  star var ied 

from 12.5 t o  60 mad.   Detec t ion  time i n c r e a s e d   w i t h   i n c r e a s i n g   i n i t i a l  

separat ion.  Woodhull  and  Bauerschmidt, as ci ted  by  Shea and Summers ( re f :  

b2) ,   inves t iga ted  as one   var iab le   the  number of background s t a r s   i n   t h e  

f i e l d   o f  v i e w .  With fewer stars i t  i s  repor t ed   t he re  was d i f f i c u l t y   i n  

es tabl ishing  direct ion  of   motion.  Both these   s tud ie s   r equ i r ed   t he   r epor t  

o f  direction  of  motion. Summers, Shea  and Ziedman ( ref .  45) performed  two 

s t u d i e s  where they   i nves t iga t ed   t he   e f f ec t   o f   p rac t i ce   on   t he   mo t ion   de t ec -  

t i on   t h re sho ld   fo r  moving point   sources .  They r e p o r t   t h a t  memory f o r   t h e  

s t a r f i e l d  had a s i g n i f i c a n t   e f f e c t  on detection.  Shea and Summers ( r e f .  

k2) inves t iga ted ,  as one   var iab le ,   s ta r f ie ld   dens i ty ,  and demonstrated  the 

same r e l a t i o n s h i p  as be fo re .   In  a second  study,  they compared de tec t ion  

performance i n   s i t u a t i o n s  where the   observer  had a great   deal   of   exper-  

ience  with a p a r t i c u l a r   s t a r f i e l d  and  demonstrated  that  whereas f o r  t h e  

unprac t iced   subjec t   de tec t ion  time was markedly  influenced by t a r g e t   i n -  

t e n s i t y  and angular  rate, t he   l ea rn ing   o f   t he   s t a r f i e ld   r e f e rence   pa t t e rn  

produced  detection  performance  which was independent  of  those  factors.  

The e f fec t   o f   b l ink ing   l igh ts   on   mot ion   th resholds .  - If a slowly 

moving s t imulus is  made t o   b l i n k ,  it will be more readi ly   de tec ted .   S tudies  

of   ~lconspicui tyl l   ( ref .  21) demonst ra te   tha t   de tec t ion  time i s  decreased 

when  a f l a s h i n g   r a t h e r   t h a n  a s teady   s igna l  i s  presented.  Baird, e t  a l .  

( r e f .  2 )  provide  data  on the  use  of  a g r a t i n g   r e t i c l e   d e v i c e  which  caused 

a s t eady   i l l umina ted   t a rge t   t o   appea r  as a b l i n k i n g   t a r g e t  moving across  

t h e   r e t i c l e .   F o r  a l i n e  of   s igh t   angular  ra te  of .1 mrad.sec.  they  found 

g ra t ings  which  produced b l ink  rates of  6.25  and 10 blinks  per   minute  re- 

duced de tec t ion  time from 169 t o  42 and 35 seconds   respec t ive ly   for  a 

+3.0 magnitude  target.  

~ ~ ~~~ ~ . 

Wienke (ref.  49) performed a d e t e c t i o n   s t u d y   i n  which two f l a s h  

r a t e s  were used  with  the same motion  track.  Flashes  occurred  either  once 

per  second o r  once  each t e n  seconds  with  interf lash  displacements   of  1' and 

10 respec t ive ly .  The more r a p i d   f l a s h  ra te  y i e lded   be t t e r   de t ec t ion   pe r -  

formance. 

0 

It i s  reasonable   to   conclude  that   these  detect ions  involve a d i s -  
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placement   threshold  ra ther   than  the  direct   percept ion  of   motion and the ef- 

f e c t   o f   f l a s h i n g  i s  similar t o  what  would be   ob ta ined   wi th   s ta t ic   t a rge ts .  

Motion  and  absolute   sensi t ivi ty .  - Morris   ( ref .  37) addresses   the 

problem of  determining  detection  range when t h e   e n t i r e   f i e l d   o f  v i e w  moves 

ac ross   t he   r e t ina .  The l i t e ra ture   rev iewed is t h a t   p e r t a i n i n g   t o   m o t i o n  

perception. It was concluded   tha t   an   e f fec t ive   s t imulus   dura t ion  must  be 

a s s i g n e d   t o   t h e   t a r g e t ,  and Mor r i s   t akes   t h i s  as t h e  time requi red   for   an  

image  of t h e   t a r g e t   o b j e c t   t o  move over a po in t   on   t he   r e t ina .  Knowing t h e  

e f fec t ive   s t imulus   dura t ion ,  it is  p o s s i b l e   t o   u t i l i z e   t h e   d a t a   o f   B l a c k w e l l  

by  assigning  equivalent  stationary  exposure time, then  the  required  angular  

subtense  can  be  specif ied  for  any  given  value  of   contrast   and  l ight   level .  

To quote, !!...a t a r g e t  moving wi th   respec t   to   the   l ine   o f   s igh t   can  be 

equa ted   t o   t a rge t s   f l a shed  on the   cen te r  of t h e   f i e l d   f o r  a s i n g l e   b r i e f  

exposure,  equal i n   d u r a t i o n   t o   t h e  time requ i r ed   fo r  a t a r g e t   t o  move ac ross  

a point  on t h e   r e t i n a .  

In   t h i s   r epor t   Mor r i s   i nc ludes  a f a i r l y  comprehensive  review o f  t h e  

e x i s t i n g   l i t e r a t u r e   p r i o r   t o  1957. The re la t ionship   she   descr ibes   p rovides  

a means f o r   e q u a t i n g   t h e   v i s i b i l i t y   t h r e s h o l d ,   a s  Brown de f ines  it and t h e  

work on threshold   cont ras t .  

Difference  Thresholds 

R. H. Brown ( r e f .  14) perfomed a comprehensive  review  of work re -  

l a t i n g   t o   t h e   d i f f e r e n c e   t h r e s h o l d   f o r   v e l o c i t y .  He d i s t ingu i shes   t h ree  

d i f f e ren t   s t imu lus   s i t ua t ions   unde r  which ve loc i ty   d i scr imina t ion  was 

studied.  These  are (1) the   s t imu l i  are s p a t i a l l y   s e p a r a t e d   b u t  are tem- 

pora l ly   co inc ident .  They must  be  viewed a l t e r n a t e l y ;  ( 2 )  t h e   s t i m u l i  are 

temporally  coincident and c l o s e   t o g e t h e r   s p a t i a l l y  so t h a t   t h e y  may be 

viewed  simultaneously; (3 )  the   s t imul i   a re   super imposed   spa t ia l ly  and 

temporal ly   separate  as would  be the  case  with a s i n g l e   t a r g e t   a c c e l e r a t i n g .  

Brown thoroughly reviews a series  of  experiments and provides   tables   des-  

c r ib ing   the   exper imenta l   condi t ions   in   de ta i l .   Table  XIU: i s  h i s  summary 

of   the  experiments   reviewed.   For   separate   s t imuli   he   der ives   the  fol lowing 

e q u a t i o n   f o r   t h e   d i f f e r e n t i a l   t h r e s h o l d :  

log A w  = 1.114 + Log 
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For  superimposed s t imul i  he  presents   the  equat ion:  

Log A w = -2.893 + log w 

These d a t a  are p l o t t e d   i n   f i g s .  58 and 59. 
I n  a l a t e r  paper ( ref .  15) Brown concludes   tha t   the   bes t  estimate 

ava i l ab le   o f   t he  Weber r a t i o   f o r   v e l o c i t y   d i s c r i m i n a t i o n  when no  more 

spec i f ic   in format ion  i s  ava i l ab le  is: 

O w  = (0.10)~ 
Lina and Assodourian ( ref .  34) performed a s tudy  to   determine a 

t h r e s h o l d   v a l u e   f o r   r a t e  of   descent   as   appl ied   to   lunar   l anding .  They used 

two s t imu lus   s i t ua t ions ,  one i n  which two l i n e s  moved a p a r t  from one  another, 

and a second i n  which a series o f   concen t r i c   c i r c l e s   i nc reased   i n   angu la r  

s i ze .  They chose a s   t he i r   t h re sho ld   va lue   t he   angu la r   r a t e  which could  be 

de tec ted   in .2   seconds .  The obtained  values  were  predictably  higher  than a 

f i e l d  t es t  from a hel icoptor ,   based on t h e   g r e a t   d i f f e r e n c e s   i n   t h e   r i c h -  

ness of  t h e   p e r c e p t u a l   f i e l d .  

I n  an  invest igat ion  of   the  effect   of   experimental   procedure on 

velocity  discrimination  threshold,   Mandrioto,   Mintz and  Notterman ( r e f .  35)  
s t u d i e d   t h e   e f f e c t   o f   s p a t i a l  and temporal   cues .   Ei ther   of   these  could  be 

s y s t e m a t i c a l l y   r e l a t e d   t o   t h e   v e l o c i t y .  I f  a fa i r ly   s tandard   p rocedure  i s  

used,  e.g. ,   the  standard and  comparison s t imu l i  move i n  a f i e ld   o f   equa l  

and f ixed   spa t i a l   d imens ions ,   t he   r e l a t ive   ve loc i t i e s  may be   in fer red  from 

r e l a t i v e   d u r a t i o n .   I n  Brown's summary of   nine  s tudies ,   e ight  were isometr ic  

i n   t h e   s e n s e  above. I n  t h e   o t h e r   c a s e   i n i t i a l l y  superimposed  stimuli moving 

a t   d i f f e r e n t   r a t e s  produce a subsequent  change i n   p o s i t i o n .  A W / W  f o r  

t h i s  l a t t e r  case  were .00128 whi le   in   the   former   they  were .1074. These in -  

vestigators  used  successive  comparisons and a judgment  of f a s t e r  o r  slower. 

Thei r   condi t ions  were: 

1. Isometr ic :   s tandard and comparison  traversed  equal 
e x t e n t s ,   t h u s   t r a n s i t  time va r i ed   i n -  
versely  with  speed. 

2. Isochronal :   s tandard and  comparison were exposed f o r  
.06 seconds.   Distance  traveled  varied 
d i rec t ly   wi th   ve loc i ty .  

3. Heterodimensional: extent and  duration were ran- 
domly changed  from trial t o   f i n a l .  
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Their   resu1.r   demonstrate   that   heterodimensional ,   i sometr ic  and 

isochronal   presentat ions  gave  successively and cons i s t en t ly   l ower   d i f f e r -  

ence  threshold8  over   the  veloci t ies   tes ted  f rom 20.06 t o  512.71 min. of 

visual  angle/speed. Above 80.25 min/sec A w /  w was r e l a t i v e l y  con- 

s tan t .   Values   es t imated   f rom  the i r   f igures   for  two sub jec t s  are given i n  

Table XXI. 
Some addi t ional   representat ive  values   for   var ious  experimental  con- 

d i t ions   can   be   ob ta ined   f rom  the   paper   by   Branddise  and Got t sdanker   ( re f .  

h ) ,  who sued spa t i a l ly   s epa ra t e   bu t   co inc iden t   s t imu l i ,  namely, two r o t a t i n g  

discs   separated  by a p a r t i t i o n .  They used  the method of  average  error,  

whereby the  observer is f r e e   t o   a d j u s t   t h e   s p e e d  of  one d i s c   u n t i l  it ap- 

p e a r s   j u s t   d i f f e r e n t  from that  of the  s tandard.   Perceptual ly  t h i s  i s  a 

d i f fe ren t   opera t ion  from that  of  judging  whether two f ixed   va lues   d i f f e r .  

t he   va lues   ob ta ined   by   t hese   i nves t iga to r s   a r e   g iven   i n   Tab le  XXII, t o -  

gether  with data they  present  from o the r   s tud ie s .  

I f  two s t imuli   are   temporal ly   coincident  and in   c lose   p rox imi ty  it 
may be p o s s i b l e   t o   j u d g e   d i f f e r e n c e s   i n   t h e i r   v e l o c i t y  by  changes i n  appar- 

en t   r e l a t ive   pos i t i on .  Monocular  motion p a r a l l a x   e f f e c t s   a r e  a l so  present .  

T h i s  i s  considered a cue to   depth ,  and r e s u l t s  f rom t h e   f a c t   t h a t   o b j e c t s  

a t  d i f f e r e n t  ranges have  different  apparent  angular  velocit ies.   Based on 

t h i s  ve loc i ty   d i f f e rence  it i s  possible  to  judge  distance.  The threshold 

f o r   t h i s   d i s c r i m i n a t i o n  i s  i n   t h e   o r d e r  of 30 seconds  per  second. 

Percept ion  of   higher   order   differences.  - If the   ve loc i ty  of a t a r -  

ge t  i s  changing, e i t h e r  with r e spec t   t o  a f ixed   re ference  or another   object  

moving a t  cons tan t   ve loc i ty  we  may properly  consider   that   the   observer  may 

be able to   judge   d i f fe rences   in   h igher   o rder  components o f  motion. 

One such  s i tuat ion  has   been  s tudied  by Hick ( r e f .  30) and  by 

Notterman  and  Page ( r e f .  38) .  They  employed a v e r y   s i m p l e   a i t u a t i o n   i n  

which a s i n g l e   s p o t   t r a v e r s i n g   t h e   f a c t   o f  a CRT was instantaneously  accel-  

e r a t e d   t o  a new ve loc i ty .  Thus the  s t imulus was as i f  spa t i a l ly   co inc iden t  

but  temporally  separated  were  presented. Data from these s t u d i e s  i s  pre- 

s e n t e d   i n   f i g .  56 . 
Hick suggests a rough  approximation  to   his   data ,   s ta t ing  that  a d i f -  

ference  of  about 12% of in i t ia l  v e l o c i t y   y i e l d e d   t h e  50% veloc i ty   d i scr imi-  
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nation  threshold,   roughly i n  accord  with Brown's b e s t  estimates of 100% f o r  

o ther   types  o f  st imulus  presentation.  Notterman and  Page take excep t ion   t o  

the   gene ra l i t y   o f   t h i s   s t a t emen t ,  and i t  does  appear   that  a t  low rates some 

devia t ion   f rom  th i s   va lue   occurs .  

I n  a review o f  the  detect ion  of   accelerated  motion  Gottsdanker   (1956)  

observes  that   smoothly  accelerated  motion i s  responded  to as i f  ve loc i ty  were 

constant .  It appea r s   t ha t  a f a i r  amount of  continued slow acce lera t ion   can  

occur   without   the  observer   real iz ing  that   speed i s  not   constant .  The opera- 

t o r ' s   p e r c e p t u a l  mechanism appears  to  integrate  smoothly  changing  velocit ies 

over a considerable   per iod of time. Ac tua l ly   t he re  has been  very l i t t l e  work 

i n  t h i s  area.   Gottsdanker  reports the  statement of Hick  and  Bates  to  the  ef-  

f e c t   t h a t  t h e i r  pre l iminary   inves t iga t ions  revealed rate must  be  doubled  every 

5 seconds   foc   acce le ra t ion   to   be   no t iced .   Def in i t ions  o f  absolu te   and   d i f fe r -  

ence  thresholds   for   accelerat ion  are   presented  and  discussed  by  Gottsdanker .  

Gottsdanker, e t  al. ( ref .  28) ,   obtained  accelerat ion  thresholds  by 

comparing  accelerated  targets  wi th  t h o s e   t r a v e l i n g   a t   c o n s t a n t   r a t e s .  They 

suggest t h a t  accelerated  motion i s  ident i f ied  by  comparison  of   ear ly   and 

l a t e  ve loc i t i e s   r a the r   t han  by d i r ec t   s ens ing   o f   acce l e ra t ion .  It  was found 

t h a t  gradual  changes i n   v e l o c i t y  are more d i f f i c u l t  t o  d iscr imina te   than  are 

differences  between two fixed r a t e s .  A s  a b a s i s   f o r   t h i s ,  he uses   his   mini-  

mum obtained  threshold  value  of  20% as compared t o   H i c k ' s   d a t a  f o r  s t eps   o f  

9 t o  15% a.nd Gottsdanker' s f igu re   o f  5% given above. A t  a given  veloci ty ,  

thresholds   increased as presenta t ion  time decreased and f o r  a given  duration 

thresholds   increased as v e l o c i t y   i n c r e a s e d .   I n  terms of  r e l a t i v e  change i n  

veloci ty ,   e .   g .  , 100 ( Vfl ) where V equals  the  change i n   v e l o c i t y   d u r i n g   t h e  

presenta t ion  time, and equals   the  meall ve loc i ty   du r ing   t he   i n t e rva l ,   t he  

fo l lowing   va lues   a re   repor ted   for   the  75% threshold.  

Exposure Time 

Mean v 3.64  1.82 0.92 0.b5 
.96 102 

1.92 54 
3.85 86 
7.69 86 

15'7 
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It i s  suggested  that  an ove ra l l   r ep resen ta t ive   f i gu re  of about 90% be  taken 

a s  an acce le ra t ion   t h re sho ld   va lue .   In  a l a t e r   p a p e r  (ref. 27) , Gottsdanker 

fur ther   ana lyzes  and rmbstan t ia tes   these   ear l ie r   f ind ings .  

Dynamic Visual  Acuity 

Dynamic v i s u a l  acu i ty   conce rns   t he   ab i l i t y  of t h e  v i s u a l  system t o  

resolve  images when a s t a t e  of r e l a t i v e  motion e x i s t s  between t h e  eye  and 

t h e   t a r g e t .   I n   s u c h  a s i t u a t i o n   t h e  eye,   through  the  operation  of  the  ex- 

t r i n s i c  eye  muscles  which  cause  the  eyeball  to move i n  i t s  socket,  performs 

a t r ack ing   func t ion   i n   a t t empt ing   t o   fo l low  an   ob jec t  so as to   acqu i r e  and 

maintain  an image centered on the  fovea  with  minimal  error.  Within limits 

anything  the  eye  can  follow and  keep  focused  on  the  fovea will be l e g i b l e  i f  

s u f f i c i e n t  time i s  allowed and i f  the   ob jec t  would be v i s i b l e   i n   t h e   s t a t i c  

s t a t e .  

In   fo l lowing  a t a rge t   t he   eye   exh ib i t s  a latency  of  response on t h e  

order  of 15’0-200 msec,  With r a t e s  up t o  25’ t o  30 degrees   per   second  af ter  

i n i t i a l   r e s p o n s e s  and velocity  following,  saccadic  eye  motions  keep  the  eye 

approximately  matched i n   p o s i t i o n   t o  about 1 o f  t h e   t a r g e t  it i s  following. 

With rates   higher   than  about  30 degrees  per  second lags occur,  and  frequent 

large  saccadic   motions  are   required  to   nul l   the   developed  posi t ion  error .  

A t  h igher   speeds  re la t ive  angular   motions  increase and a c u i t y  i s  impaired. 

Eye movement ve loc i ty ,  however, remains  re la t ively  constant   with  these 

abrupt  saccadic  motions  superimposed  to  effect   error  correction. The eye 

can  follow  sine waves  up to   about  3 cps  with  amplitudes up t o  some 30 de- 

grees   wi thout   apprec iab le   e r ror .   In   the   p rocess  of ta rge t   fo l lowing ,   there  

a re   t hen   s eve ra l   s t eps ,  namely (1) perception of movement, ( 2 )  constant  

ve loc i ty  eye  motions, (3) correction  of  posit ion  error  by  sacaddic  motions,  

and (4) modi f i ca t ion   o f   r a t e   o f   fo l lowing   i n   d i sc re t e   s t eps .   In   f r ee   f i e ld  

tracking  the  eyes  and  head  both move. There i s  t y p i c a l l y  an i n i t i a l   l a g  

followed  by a genera l   l ead ing   of   the  head with  superimposed  f ine  corrections 

from the  eyes .  

0 

The most  comprehensive  report on dynamic visual  acuity,   from which 

the  following  paragraph is  derived, 1s t h a t  o f  M i l l e r  and Ludvigh ( r e f .  36). 
Fig. 48 demonst ra tes   the   re la t ionship   be tween  angular   ve loc i ty   o f   the   t es t  
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ob jec t  and v i sua l   acu i ty   fo r   t h ree   g roups  of  sub jec t s  who d i f f e r e d   i n   t h e i r  

level  of  performance. It may be   seen   tha t   per formance   begins   to   de te r iora te  

above 30 t o  40 degrees  per  second.  Fig. 58 compares data  from two experi- 

ments,  one (Miller and  Ludvigh)  used  constant  exposure time by  decreasing 

t h e   f i e l d   o f  v i e w  as v e l o c i t y  was changed, and the  other   (Rose)   used a 

fixed  angle,   thus  decreasing  the  exposure time as speed  increased. It i s  

suggested  by Miller and  Ludvigh t h a t  Rose1 s da ta  are more genera l ly   appl i -  

c a b l e   t o   t h e   a p p l i e d   s i t u a t i o n  where the  angle   over  which observat ion i s  

poss ib le  i s  re la t ive ly   independent   o f   t a rge t   ve loc i ty .  I n  f i g .  59 it  i s  

demonst ra ted   tha t   mot ion   in   the   hor izonta l  axis reduces  acui ty  more than 

does  motion i n  t h e   v e r t i c a l  axis. S i m i l a r   r e s u l t s  are found  whether  the 

objec t  o r  the   observer   a re  moving. I n   l i n e  with  previous  discussion on tar- 

get  luminance  and  motion  detection, it i s  repor ted   tha t   increas ing   i l lumina-  

t i o n   m a t e r i a l l y   b e f i t t e d   a c u i t y .   I n d i v i d u a l   d i f f e r e n c e s  i n  dynamic acu i ty  

are marked, b u t   t h e r e  is  no necessa ry   r e l a t ion  between an ind iv idua l ' s  

s t a t i c  and  dynamic acui ty .  The e f f e c t   o f   t r a i n i n g   d i f f e r s  markedly among 

indiv idua ls ;  some benef i t   whi le   o thers  do no t ,   bu t   t r a in ing   i n   gene ra l  seems 

most prof i tab le   wi th   h igher   ve loc i ty   t a rge ts .  

Some o f   t he   l imi t ing   acu i ty   va lues   p re sen ted   by   Mi l l e r  and  Ludvigh 

appear  to resu l t  from the  procedure  which  used a res t r ic ted   p re-exposure  

time, e .g . ,   the   per iod  during which the   sub jec t   f i xa t ed  a t  t h e   p o s i t i o n  

where t h e   t a r g e t  i s  likely  to  appear.   With  1imit)ed  pre-exposure  acqujsi-  

t i o n  i s  poorer.   Elkin ( ref .  19) demonstrated  that   increasing  pre-exposure 

time  improved  performance.  Without  limitation  on  viewing  time it  appears 

from E l k i n ' s   d a t a   t h a t   a c u i t y  on the  order  of  one  minute  of  arc i s  obtain-  

a b l e   a t   r a t e s  up t o  about 60 degrees  per  second. Thus if  the  eye  can 

acquire ,   get  on t a r g e t  and follow,  reasonably good performance  can  be  ex- 

pected. 

Also r e l a t e d   t o   t h e   e f f e c t s   o f   p r e c e d i n g   e v e n t s  on the   percept ion   of  

moving ob jec t s  i s  an  interest ing  s tudy  by  Smith and  Gulick ( re f .  43) on  what 

they  term dynamic contour  perception. They demonstrated  that   the  edges  of 

small moving t a r g e t   o b j e c t s  which  cannot  normally  be  resolved  can  be made 

v i s i b l e  a t  the  same ve loc i ty  by b r i e f l y   p r e s e n t i n g   t h e  same t a r g e t   i n  a 

s t a t iona ry   pos i t i on   be fo re  it i s  moved. I n t e r e s t i n g l y   t h e   s t a t i o n a r y  and 
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moving targets can  be  presented t o  separate eyes and resolution will still 

be fac i l i ta ted  up t o  about 40 degrees  per  second when  no further improve- 
ment i s  possible.  A s t a t i s t i c a l   m a t i o n  theory i s  presented  to  account 
for  these  f indings.  
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RANGE AND FLANGE RATE DETERMINATIONS 

In t roduc t ion  

The present   sec t ion   dea ls   wi th   range  and  range rate determinations.  

The assumption i s  made t h a t   t h e   p r i m a r y   g o a l ,   i n   t h e   p r e s e n t   s e t t i n g ,  i s  t o  

determine: (1) t h e   e x t e n t   t o  which visual  perception  can  provide  measure- 

ments or   indexes  of  range,  range  differences  and  range rate, and ( 2 )  t o   p l ace  

i n  ev idence   v i sua l   da ta   tha t   might   be   usefu l   in   deve loping  new techniques for 

obta in ing   such   in format ion   v i sua l ly ,   a lone   o r   in   conjunct ion   wi th   op t ica l   a ids ,  

In   apprais ing  the  performance of  t h e  visual system i n   t h i s  area, we 

regard it as analogous  to a physical  instrument,  and  ask how well i t  can do t h e  

job  of   get t ing  information  about   the  range  or   range ra te  o f   o b j e c t s   i n   t h e  ob- 

server!  s envi$oment.  The psychological   l i terature   has   not   been  guided  pr i -  

mar i ly   by   th i s   po in t  of  view. One t h e r e f o r e   f i n d s  a l a r g e  body o f  l i t e r a t u r e  

i n   t h e   f i e l d  of depth   percept ion   tha t  i s  o f   l imi t ed   r e l evance   fo r   t h i s   ques -  

t ion .  Most of   the  invest igat ions  have  been  concerned  with  the  role   of   par-  

t i cu l a r   cues   i n   med ia t ing   pe rcep t ions  of dis tance.   In   examining  the l i t e ra -  

t u r e ,   t h i s   b a s i s  f o r  c lass i f ica t ion   can   scarce ly   be   avoided  and i s  the re fo re  

used  here. I n   t h e   f o l l o w i n g  l i s t  o f  cues,   the f irst  t h r e e  are v a r i a b l e s   t h a t  

are  regarded as capable  of  operating  even  with  monocular  viewing  of  the  vis-  

u a l  f i e l d ;   t h e   l a s t  two are  dependent  upon  binocular  viewing. The cues  con- 

s i d e r e d   i n   t h i s   s e c t i o n   a r e :  ( a )  accommodation, ( b )  s ize ,  (c)   motion  paral-  

l a x ,  (d)  convergence, and ( e )  b inocu la r   pa ra l l ax  o r  s t e r eops i s .  Dees ( re f .  

16) has  constructed a use fu l   t ab l e   p rov id ing  an appra i sa l  o f  t h e   e x t e n t   t o  

which the  var ious  a l leged  cues   to   depth  percept ion are l ike ly   to   be   involved  

i n  space  operat ions  (Table  XxIIr). Earlier, McKinney, Adams and   Arnaul t   ( re f .  

54) made a s i m i l a r   a p p r a i s a l   w i t h   s u b s t a n t i a l l y   t h e  same conclusions.  Deest 

tab le   a l so   p rovides  a d e f i n i t i o n  of t he   va r ious   cues   o f   i n t e re s t .  

Percept ion o f  Absolute Range 

The percept ion  of absolute  range refers t o   a n   o b s e r v e r ' s  judgment 
or awareness  of  the  distance,  i n  range,  from him t o  a p a r t i c u l a r   o b j e c t  i n  
t h e   f i e l d   o f   v i s i o n .  The p resence   o f   o the r   ob jec t s   i n   t he   f i e ld   does   no t  
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au tomat i ca l ly   e l imina te   t he   poss ib i l i t y   o f   pe rcep t ion  of   the  absolute   dis-  

t ance   t o  a p a r t i c u l a r   o b j e c t .  We f ind ,  however, t h a t   i n v e s t i g a t o r s  fre- 
quen t ly   r e s t r i c t   t hemse lves   t o  a s i n g l e   o b j e c t   i n   t h e  f ie ld  a t  one time. 

I n   t h i s  way, t hey   r educe   t he   p robab i l i t y   t ha t   j udgmen t s   o f   r e l a t ive   d i s t ance  

may c o n s t i t u t e   t h e   r e a l  basis f o r  what  might seem to  be  judgments  of  absolute 

dis tance.  The invest igat ions  of   percept ions  of   absolute   dis tance  reviewed 

below a re   conven ien t ly   c l a s s i f i ed   i n  two groups: (1) those which  attempt  to 

measure the   cons t an t   and   va r i ab le   e r ro r s   occu r r ing   i n  judgments  of  absolute 

depth,  and ( 2 )  those which  a t tempt   to   determine  whether   cer ta in   specif ic   cues  

to   depth   p lay  a s igni f icant   ro le   in   the   percept ion   of   abso lu te   depth .  

E r r o r s   i n  judgments  of  absolute  depth. - In   the   appra isa l   o f   any  

instrument as a range-f inder ,   specif icat ion  of   the  constant  and va r i ab le  

errors   involved would  seem e s s e n t i a l .  T h i s  requi rement   appl ies   to   the   v i sua l  

system when used  for  t h i s  purpose as well  as t o  purely  physical   inst ruments .  

The r e s u l t s  o f  ava i lab le   s tud ies   for   measur ing   cons tan t   and   var iab le  

e r rors   in   d i s tance-es t imates   a re   assembled   in   Table  X I V  and a s p e c i f i c a t i o n  

o f  the  conditions  involved  in  Table IMV, The index  -of   var iable   error   used 

i s  the  s tandard  deviat ion,  whlch i s  commonly accepted as the   bes t  measure  of 

dispers ion,  due t o  chance   e r rors ,   in  a group o f  measurements ( r e f .  62 ). The 

index o f  constant   errors   used i s  the  mean judged  distance minus t h e   t r u e  d is -  

tance.   Errors  of  under-estimation will t he re fo re  have a negat ive   s ign ;   e r rors  

of  over-estimation a pos i t i ve   s ign .   S ince   t he   i nves t iga to r s   c i t ed  do not a l l  

r epor t  i n  these  terms, some reca l cu la t ion  of t h e   r e s u l t s   r e p o r t e d  by  them was 

necessary  to  provide a common basis. Thus, when dispers ion  of   es t imated &is- 

tances was r e p o r t e d   i n  terms of   the  average  deviat ion,   mult ipl icat ion  of   the 

average  deviation  by  1.2532  permitted  us  to  convert t o   s t anda rd   dev ia t ions  

(ref.  62, p .81) .   In   the   case   o f   o ther   inves t iga tors ,   such  as Dees, who re- 
p o r t s   h i s   r e s u l t s   i n   t h e  form  of   log-log  plots ,   or   equivalent   equat ions,  

somewhat more e labora te   reca lcu la t ion   procedures  were necessary .   In   our  

table,   cclnstant  and  variable  errors  are  given  both as a percentage  of  the 

t rue   d i s t ance ,  and i n   f e e t .  The s tud ie s   exp l i c i t e ly   unde r t aken   t o   de t e rmine  
e r r o r s   i n   d i s t a n c e   e s t i m a t e s  a l l  invo lved   r e l a t ive ly   l a rge   d i s t ances ,  up t o  
a t  least 800 feet  and  up t o  a m a x i m u m  of 4000 feet. This d e l i b e r a t e   i n c l u s i o n  

of l a r g e   d i s t a n c e s  was probably a consequence of t h e   f a c t   t h a t   t h i s  group  of 



i n v e s t i g a t o r s  was a l l  oriented  toward  space-operation  problems.  Although 

these   d i s t ances  are l a r g e  compared to   t hose  commonly used i n  experiments  on 

depth-perception,  they  are small i n   r e l a t i o n   t o   d i s t a n c e s   t h a t  may be  of  in- 

t e r e s t   i n  rendezvous, as indicated  by  Table I ,  given i n  an earlier sec t ion .  
Inspec t ion  of t he   t ab l e s   r evea l s   t he   fo l lowing   po in t s   o f   i n t e re s t :  

1. I n   t h e   s t u d i e s   o f  McKinney, e t  a l .  ( r e f .  54), and Pennington 

and Beas ley   ( re f .  60), both o f  which involved  control   of   the  same depth-cue 

( s i z e ) ,   t h e r e  was a f a i r  degree  of  agreement i n   t h e  magnitude  of  the  various 

e r rors   (us ing   the   f fapproachf t  column of  the  Pennington-Beasley  study).  

2 .  I n   t h e   c a s e  o f  t he   cons t an t   e r ro r s ,  however, we f i n d   t h a t   t h e  

d i rec t ionsof   the   cons tan t   e r rors   repor ted   by   these  two groups  of  investiga- 

t o r s   a r e   oppos i t e ,   unde res t ima t ion   i n  one  case as opposed to   ove res t ima t ion  

i n   t h e   o t h e r .   T h i s   c o n f l i c t   o b v i o u s l y   r e q u i r e s   r e s o l u t i o n .  

3. When  now  we examine the  magnitude  of  the  errors  derived  from 

Deest study ( r e f .  16)  , with   s te reops is  and p a r a l l a x  as  the  cues,   instead  of 

visual   angle ,  we f i nd   on ly   cons t an t   e r ro r s   o f   ove res t ima t ion ,   a s   i n   t he  

Pennington-Beasley  study ( ref .  60). The magnitude  of   the  var iable   errors  

f o r   s t e r e o p s i s  are approximately  equivalent  to  those  of  the  Pennington- 

Beasley  approach  case,   but   the   paral lax  errors  are appreciably  smaller .  It  

would be  hazardous,  however, t o  draw t h e   c o n c l u s i o n   t h a t   t h e   r e l a t i v e  magni- 

tude   o f   these   e r rors  are a func t ion   of   the   par t icu lar   cues   involved ,   s ince  

Deest  methodology was so comple te ly   d i f fe ren t   f rom  tha t   o f   h i s   p redecessors .  

Some of   the  more s t r i k i n g  features of Dees' method are   the   fo l lowing:  

a. The operat ional   procedure  of   the  subjects  i n  e s t ima t ing   d i s -  

t ance   cons i s t ed   i n   e s t ima t ing   t he  rank order   o f  a given  perceived  distance,  

fol lowing a prel iminary  per iod  of   t ra ining.  Dees regards  this   procedure  of  

es t imat ing  ranks as merely a way of   coding  the  var ious  physical   d is tances .  

The reported  ranks were subsequently  converted  by Dees in to   a l leged   equiva-  

l en t   e s t ima tes   o f   t he   d i s t ance  i n  feet ,  thus   permi t t ing  him t o   c a l c u l a t e  

means and e r r o r s   i n   f e e t .  The v a l i d i t y   o f   t h e   d a t a   c i t e d   i n   o u r   t a b l e  rests 

on the   va l id i ty   o f   t h i s   p rocedure .  
b. The s t imu l i   fo r   gene ra t ing   pa ra l l ax   co r re sponded   t o   o sc i l -  

l a t i o n s   o f   t h e  eyes of the  observer,   of  one  foot,  o r  a t o t a l  eye  excursion 

of 2 feet .   This  displacement i s  obviously much g rea t e r   t han   t he   i n t e rocu la r  



dis tance   o f  2.5 inches   involved   in   the  tests of  depth  perception  mediated  by 

s te reops is .  We are t h e r e f o r e   n o t   j u s t i f i e d ,  on t h e  basis of the  r e l a t i v e  

magnitude  of  the  errors  obtained from  Deesf s t e r e o p s i s  and p a r a l l a x  data, i n  

concluding   tha t   para l lax  is, under  normal  conditions, s o  much more e f f e c t i v e  

than   s t e r eops i s  as a cue  to  depth.  

c. It i s  d i f f i c u l t   t o   a s s e s s   t h e   c o r r e c t n e s s   o f   t h e   s t i m u l i  

used by  Dees in   s imula t ing   var ious   cues   to   d i s tance ,   s ince   the   ac tua l   s t imu-  

lu s   p rope r t i e s   a r e   no t   spec i f i ed .  We a r e   t o l d   o n l y   t h a t   t h e  f i l m  t ranspar-  

enc ies   used   for   p ro jec t ing   the   s t imulus   pa t te rns  were made by  means  of a 

"photographic  animation  stand  equipped  with  Vernac  scales  which  allowed  the 

posit ioning  of t h e  t a rge t   p l a t fo rm  to  .0001 in . . . . . "   This   device was used 

t o  produce  patterns tha t  were equ iva len t   t o  what the  eyes would s e e  a t  var- 

ious   phys ica l   d i s tances .   S ince  good i n t e n t i o n s  are no guarantees  of  perform- 

ance on the  par t   of   an  experimenter ,   such  specif icat ion  of   s t imulus-condi t ions,  

in   terms  of  how the   s t imu l i  were made, i s  scarcely  an  adequate  basis  for  ap- 

p r a i s a l  or r e p l i c a t i o n .  

Studies  on the   ro le   o f   spec i f ic   cues  as f ac to r s   i n   t he   pe rcep t ion   o f  

absolute  depth.  - A second  group  of studies  has  been  concerned  with  the  ques- 

t i o n  of  whether a pa r t i cu la r   s t imu lus   va r i ab le  i s  adequate   to   serve as a cue 

to   absolute   depth.  Two types   o f   cue   have   been   expl ic i t ly   inves t iga ted   in   re -  

cen t   s tud ies :   (a )   s t imulus   s ize ,  and ( b )  convergence. 

~ 

a. S i z e  as a cue to   absolu te   depth .  A concise   survey   of   the   l i t e r -  

a t u r e  on t h i s  question  up  to  about 1960 has  been  given  by  I t te lson  ( ref .  45, 

p .70) .  The l i s t  of   the   ear l ie r   workers   inc ludes  Bourdon ( r e f .  lo), P e t e r  

( r e f  61), and  Bappert   (ref.  6),  i n   s t u d i e s  concerned  primarily  with accommo- 

dation, and Poui l lard  ( ref .   64) ,   Peterman  ( ref .  63) , Vernon ( r e f .  78),  and 

Hirsch, e t  al. ( r e f .  38),  i n   s t u d i e s  more specif ical ly   concerned  with  the 

r o l e  of t he   s i ze -cue .   I t t e l son   ( r e f .  45) b e l i e v e s   t h a t   t h e  most dec i s ive  

evidence  has  been  provided as a consequence of the   p roposa l  of Ames of a 

method, f o r   l o c a l i z i n g   i n   d e p t h ,  a monocularly  viewed  object i n   r e l a t i o n   t o  

a binocularly  viewed  comparison  field.  This method was developed  fur ther   by 

Hastorf  (ref.  34), i n   h i s   s t u d y   o f   t h e   e f f e c t   o f   s u g g e s t e d  meanings  on t h e  
r e l a t ionsh ip   be tween   s t imlus - s i ze  and  perceived  distance,   and  by  I t telson 

( r e f .  46) i n   h i s   i n v e s t i g a t i o n  of s i z e  as a cue t o   t h e   s t a t i c   p e r c e p t i o n   o f  

- - 
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distance.  TO t h i s  l i s t  o f   I t t e l s o n ' s  must  be  added  papers  by C .  and J. Hoch- 

berg,   in   1952 (refs. 39, 40), and  one  by  Gogel,  Hartman  and  Harker i n  1957. 
I n  examining  the l i terature concerned with the   s ize-cue it may be h e l p m   t o  

no te   t he   l a rge  number o f   d i f f e r e n t  terms t h a t  may be  used to c h a r a c t e r i z e   d i f -  

f e r en t   d i s t ance  or size-var iables .  A display  of  such  terminology i s  given i n  

Table XXIX. It may a l s o  b e   h e l p r u l   t o   k e e p   i n  mind the   geometr ica l   re la t ions  

involved in   the  operat ion  of   the  "s ize-cue"  to   depth-percept ion.   These  re la-  

t i o n s   a r e   r e v i e w e d   i n   t h e   i n t r o d u c t i o n   t o  a la te r   sec t ion ,   concerned   wi th   the  

ro l e   o f   s i ze   i n   pe rcep t ions   o f   r e l a t ive   dep th .   F igu re  64 i n d i c a t e s   t h a t   t h e  

t e rm  s i ze   migh t   r e f e r   t o   ob jec t - s i ze ,   t o   phys io log ica l  or r e t i n a l   s i z e ,   t h e  

magnitude  of  the image on t h e   r e t i n a ,  or to   the   angle   subtended  by an objec t ,  

a t  the  eye,   designated as t h e  visual  angle. The discussion  of  the  geometry of 
t h e   s i t u a t i o n  shows t h e   r e l a t i o n   o f   t h e s e   t h r e e  meanings  of  size. 

I t t e l s o n   ( r e f .  46 ) and  Gogel  and  co-workers ( r e f .  29)  reach  opposite 

conclusions  concerning  the  effectiveness o f  s t imulus-s ize   in   media t ing   per -  

ceptions  of  absolute  distance.   I t telson  concludes  from  his  experimental   evi-  

dence t h a t  t h e   s i z e   o f   t h e   r e t i n a l  image, opera t ing   in   conjunct ion  w i t h  an 

Itassumed s izet1  of   the   s t imulus-object ,   can  br ing  about   the  percept ion of a 

single  object,  viewed  monocularly, a t  a d e f i n i t e   d i s t a n c e ,   i n   d e p t h   ( r e f .  46, 
p. 66), a d i s t ance   p red ic t ab le  from cer ta in   hypotheses .  Gogel  and h i s  CO- 

workers  concluded, on the   bas i s  of a d i f f e r e n t  method  of i n v e s t i g a t i o n ,   t h a t  

ana lys i s  of h i s   da t a   " r evea led  no evidence  for  the  presence of absolute   dis-  

tance-perception  as a func t ion   of   re t ina l  s i z e . "  I n   d i s c u s s i n g   I t t e l s o n l s  

experiments,  which  had  been  carried  out some y e a r s   e a r l i e r ,  he expresses  the 

b e l i e f   t h a t  i n  none  of I t t e l son f s   s tud ie s   "has   t he   poss ib i l i t y   been   e l imina ted  

tha t   the   percept ion  which was measured was a percept ion of  r e l a t ive ,   no t  ab- 

so lu te ,   d i s tance .   ( re f .  29, p. 2 )  Thus the   ques t ion  a t  i s s u e  i s  whether o r  

not what  seem to   be   percept ions   o f   abso lu te   d i s tance ,   in  a given  investiga- 

t ion,   might   actual ly  depend  on percept ions   o f   re la t ive   d i s tance .  Hochberg 

and  Hochberg ( r e f s .  9, bo), in   d i scuss ing   exper iments   o f   the i r  own, on the 

percept ion  of   the  dis tance  of  familiar o b j e c t s ,   r a i s e s  similar quest ions.  

They quest ion,   too,   the   necessi ty   of   the   concept  o f  t h e  Ilassumed s i z e "  of  
fami l ia r   ob jec ts ,   o r ig ina l ly   p roposed   by  Ames and u t i l i z e d  by I t t e l s o n   i n  

explaining and predic t ing   the   apparent   d i s tance   o f   ob jec ts  a t  which physical 
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objects   subtending a given  visual   angle  k i l l  be   perceived.  

On t h e   b a s i s   o f   t h e  l i terature  t o   d a t e ,  it seems necessary   to  c3n- 

clude  that   the  adequacy  of  the  size-cue i n  mediat ing  percept ions  of   absolute  

d i s t ance  i s  s t i l l  a con t rove r s i a l  matter. There seems t o   b e   s u b s t a n t i d   e v i -  

dence  and  arguments  on  both  sides  of  this  controversy.  Further snalysis ar.d 

experimentation are therefore   ind ica ted .  

b.  Cqnvergence  of t h e  two eyes  as  a cue t o   t h e   p e r c e p t i o n  o f  abso- 

l u t e   d i s t a n c e .   I n  a l a t e r   s e c t i o n ,   t h e   p o s s i b l e   r o l e   o f   c o n v e r g e n c e   i n  med- 

i a t i n g   p e r c e p t i o n s  o f  r e l a t i v e   d i s t a n c e  i s  considered, and should  be exami.ned 

for   mat ters   of   his tory.   Gogel  ( re f .  28) invest igated  convergence  specif ical ly  

in   r e l a t ion   t o   pe rcep t ions   o f   abso lu t e   d i s t ance .  His method involved  the ~ s e  

of two alleys, as in   t he   r ecen t   expe r imen t s  or; t h e   r o l e  o f  re t inal   image-sie?.  

One a l l e y  was viewed  monocularly  and the  other   binocular ly .   Analysis  o f  ths 

d a t a   l e d  Gogel t o   t h e   c o n c l u s i o n   t h a t   t h e r e  was  a small bu t   s ign i f i can t   e f -  

f e c t  o f  convergence  on  perceived  distance,   but  that  i t  was "an  unprecise ar,d 

usua l ly   negl ig ib le   de te rminer   o f   perce ived   s ize  and d i s t m c e ' ' .  The m z x i m u r n  

d i s tance   involved   in   h i s   exper iment  was 34 f e e t .  

. - -. - ." - - - ~- 

Percept ion of  Re la t ive  Range 

This   s ec t ion   i nc ludes   pe rcep t ions   i n  which an  individual  obser-vas 

and r epor t s  on  range  intervals  between two o r  mDre ob jec t s ,   a s  xhen  one oh- 

j e c t  i s  perceived  and  reported as nearer  o r  f a r t h e r  away than  another.  5uch 

observations  can  be made even when judgments o r  estimates  cannot  be made r,f 

t he   abso lu t e   d i s t ance   o f   e i t he r   ob jec t  from the  observer .  The great  b u l k  of' 

t h e   l i t e r a t u r e  o n   t h e   p e r c e p t i o n   o f   d e p t h   l i e s   i n   t h i s   f i e l d .  

Accommodation as a cue t o   t h e   p e r c e p t i o n  o f  d i s tance .  - The  mechan- 
. .. . 

ism of accommodation, t h e  means by  which the  eye  focusses  images  sharply  on 

the   r e t ina ,   a s   t he   d i s t ance  o f  the  object   changes,  was the   sub jec t  o f  con- 

t roversy  for over  200 years.  Boring ( re f .  9 )  c i t e s   s i x   t h e o r i e s  of  ~ C C O I T ~ U -  

dat ion  proposed  during  this   interval ,   each  theory  with i t s  complement o f  sup- 

po r t e r s .  The theory  now generally  accepted,  that   the  lens  changes  shape,  thus 
a l t e r i n g  i t s  foca l   l eng th ,  was proposed  by  Descartes i n  1637, but  it was not. 
genera l ly   accepted   un t i l   Helmhol tz ,   in  1856, marsha l led   the   ev idence   in   favor  
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of  it. Helmholtz a l so  propos-ed  an  explanation  of how t h e   c i l i a r y  muscle  con- 

t r o l s   t h e   s h a p e   o f   t h e   l e n s ,   c o n t r a c t i o n s   o f   t h e   c i l i a r y   m u s c l e   r e s u l t i n g   i n  

increased  curvature  of t h e   l e n s ,  and the re fo re  a reduced  focal  length.  

The  problem  of s a l i e n t  in te res t  here  is  not,  however, t h e  mechanism 

of accommodation as such,  but i t s  r o l e   i n   m e d i a t i n g   p e r c e p t i o n s   o f   r e l a t i v e  

d is tance .  The fundamenta l   l ines   o f   inqui ry  were e s t a b l i s h e d   i n   t h e   e a r l y  

days of experimental  psychology. Wundt, i n  1859-1861 ( r e f .  84) ,  conducted ex- 

periments  with  threads viewed aga ins t  a white  background. The thread  could  be 

d i sp laced   i n   d i s t ance   r e l a t ive   t o   t he   background   i n   success ive   p re sen ta t ions .  

The sub jec t  was asked  to   report   whether   the  thread had  approached or  receded 

in   success ive  views. Threshold  determinations were made. These showed s m a l -  

l e r  values  for  binocular  viewing  (convergence  presumably  operative)  than  for 

monocular  viewing  (involving, it was assumed,  accommodation a l o n e ) .   I n   t h e  

l a t t e r   ca se ,   t h re sho lds   were . sma l l e r   fo r   app roach ing   ob jec t s   t han   r eced ing   ones .  

Th i s   e f f ec t   l ed  Wundt t o  conclude  that  a subject   can make more accura te   d i s -  

criminations  by  llinnervatinglf  the  muscle  of accommodation than  by  relaxing it. 

The maximum absolute   dis tance  involved  in   these  experiments  was 2 meters.  

Hil lebrand ( ref .  37),  about 30 yea r s  la ter ,  i n  189b, c r i t i c i z e d  

c e r t a i n   f e a t u r e s   i n  Wundtls  technique  and  conducted  experiments  on  his own. 

In   place  of   threads,   he   used  the  sharply  cut   edge o f  a cardboard  screen 

viewed r e l a t i v e   t o  a more distant  background.  Hillebrand  thus  proposed  to 

avoid  changes i n   v i s u a l   a n g l e   a s s o c i a t e d   w i t h  a thread  a t  d i f f e ren t   d i s t ances .  

When the   sc reen  was made t o  change i n  dis tance  gradual ly ,   ins tead  of   suddenly,  

t he   sub jec t s  were unable   to  t e l l  i n  which d i r e c t i o n  it had moved. Hillebrand 

concluded, i n   o p p o s i t i o n   t o  Wundt, tha t   percept ions   o f   d i s tance   cannot   be  

brought  about  by  cues  from accommodation.  About 10 y e a r s   l a t e r ,   B a i r d  (ref.L), 

i n   t h i s   c o u n t r y ,   r e v i e w e d   t h e   l i t e r a t u r e  and  conducted  experiments  of  his own 

i n  an  a t tempt   to   resolve  the  controversy.  He used  Hil lebrand 's  type of  tar- 

get,   the  edge  of  an areal ex ten t ,   and   t r ied   to   de te rmine   th resholds   for   bo th  

monocular  and  binocular  viewing, for   both  approaching and receding   v i sua l  tar- 

ge t s .  He was ab le ,   un l ike   H i l l eb rand ,   t o   e s t ab l i sh   t h re sho ld   va lues ,   r epor t -  

i n g  them i n  the  form  of a Weber f r ac t ion ,  as a percentage of t he   abso lu t e  
distance  involved. His r e s u l t s  were i n   s u b s t a n t i a l  agreement  with  Wundtts 

f indings.   Binocular   thresholds  were appreciably less than  monocular thres- 
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holds,   and  monocular  thresholds  consistently  less  for  approaching  objects 

than   for   receding  ones. He concluded  that  accommodation did  provide a cue 

to   the   percept ion   of   d i s tance .  It should  be  noted, however, t h a t   t h e  max-  

i m u m  absolu te   d i s tance   tha t   could   be   used   in  Bai rdfs  apparatus was s l i g h t l y  

l e s s   t h a n  one  meter. The term llWeber-fractionll, as used   he re ,   r e f e r s   t o   t he  

r a t i o   o f   t h e   d i f f e r e n c e   t h r e s h o l d   t o   t h e   t o t a l   p h y s i c a l   d i s t a n c e  from t h e  

obse rve r ' s   eye   t o   t he   t a rge t .  It may a l so  be   s t a t ed  as a percentage  value, 

b y   m u l t i p l y i n g   t h e   f r a c t i o n a l   r a t i o  by 100. 

Subsequent  experiments i n   t h i s   a r e a  were ca r r i ed   ou t   by   Pe te r ,   i n  

1915  ( re f .  61 ), by  Bappert, i n  1922  ( re f .  6) , by Fincham, i n  1951 ( r e f .  22 ) , 
and  by  Campbell  and  Westheimer, i n  1959 ( r e f .  13). The l a t t e r  two groups  of 

inves t iga tors   found a bas is   for   d i scr imina t ion   of   the   d i rec t ion   of   ou t -of -  

focus  blurring  of  images on t h e   r e t i n a .  They  found t h a t  a subject   could 

d i s t i n g u i s h   b l u r r i n g   i n  an  image  focussed i n   f r o n t  of  the  retina  from one 

focussed  behind,  thus  providing a cue t o   t h e  change i n  shape  required  of  the 

l e n s .  Thus we s e e   t h a t  the ev idence   r e l a t ive   t o  accommodation as a cue t o  

d is tance   percept ion   cont inues   to   osc i l la te   back  and f o r t h ,  even to   t he   p re -  

sent   t ime.   Perhaps  the  best   that   can  be done  by way of a dec i s ive  summary- 
statement i s  t h a t   o f  Graham: " . . . d i sc r imina t ion  o f  depth  differences  based 

on  accommodation a re   ne i the r   p rec i se   no r   accu ra t e   ove r   d i s t ances   g rea t e r  

than a meter  or two. 11 ( r e f .  30, p. 52.)  It  i s  o f   i n t e re s t   t ha t   Desca r t e s ,  

t h r e e   c e n t u r i e s   e a r l i e r  had s t a t e d   i n  L'homme, 1662,  p. 511, t h a t  accommoda- 

t i o n  i s  e f f e c t i v e  up t o  3 or 4 f e e t  and  convergence up t o   d i s t a n c e s  o f  15 o r  

20 f e e t   ( r e f .  18, p. 305) .  Reviews, i n   a d d i t i o n   t o  t h a t  of Graham, t h a t  may 

be  consul ted  are   those  of  Hoffman ( r e f .  41) , Woodworth ( r e f .  81) , I r v i n e  and 

Ludvigh ( r e f .  43), and  Ogle ( r e f .  57, p. 265). 

S ize  as a cue to   d i s t ance .  - I n   t h e   p r e s e n t   s e c t i o n  we a r e   i n t e r -  

e s t e d   i n   t h e   r o l e   o f   s i z e  as a cue t o   t h e   p e r c e p t i o n   o f   r e l a t i v e   d i s t a n c e .  

S i z e  will be   taken   to  mean v i sua l   ang le   ( t ha t  is, the  angle  subtended a t  t h e  

eye by t h e   o b j e c t ) ,   f o r   r e a s o n s   t o  be given  below. It is  the  impression  of  

many psycho log i s t s   t ha t   t he re  is a l a r g e  volume o f   l i t e r a t u r e   a v a i l a b l e  on 

t h i s  problem.  There i s  indeed a l a r g e  volume o f   l i t e r a t u r e   i n   t h e   g e n e r a l  
a r ea   o f   t he   s i ee -d i s t ance   r e l a t ionsh ip .  But   the   bu lk   o f   th i s   l i t e ra ture  i s  
concerned  with  the phenomenon of  siee-constancy, and o ther   p roblems  re la t ing  
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t o   f a c t o r s   i n   t h e   p e r c e p t i o n   o f   s i z e   o f   o b j e c t s ,   r a t h e r   t h a n   o n   t h e   r o l e  of 

s i z e   i n   t h e   p e r c e p t i o n  of dis tance.  Our p resen t   i nqu i ry  i s  d i r e c t e d   s p e c i f i -  

ca l ly   t o   ou r   ab i l i t y   t o   ob ta in   i n fo rma t ion   abou t   d i s t ance .   Repor t s  on t h e  

pe rcep t ion   o f   s i ze  are t h e r e f o r e   n o t   d i r e c t l y   r e l e v a n t .  

The term llsize-constancyll, a concept   apparent ly   introduced  by  the 

Gestalt  school  of  psychology, refers to   t he   t endency   fo r   r eced ing   ob jec t s   t o  

be  perceived,   or   judged,   to  be o f   cons t an t   s i ze   desp i t e   t he   p rog res s ive ly  de- 

c reas ing   v i sua l   ang le .   Th i s   e f f ec t  i s  most  marked when t h e r e  are p l e n t i f u l  

c u e s   t o   t h e   i n c r e a s i n g   d i s t a n c e   ( r e f .  45). 
a. Geometry o f  the   s ize-d is tance   re la t ionship .   F ig .  64 shows the  

essent ia l   geometr ica l   re la t ions   involved .   S t ra ight   l ines ,  o r  rays,  through 

t h e  end poin ts   o f   an   ob jec t  AB are represented as passing  through  the  nodal 

po in t  N o f  a reduced  schematic  eye ( re f .  78) t o   t h e   t e r m i n a l   p o i n t s   o f  an 

image A ' B '  regarded as focussed  on  the  re t ina.  If t h e   l e n s  i s  regarded  as 

approximated  by a t h i n   l e n s ,   t h e n   t h e  rays through  the  nodal  point w i l l  not 

b e   r e f r a c t e d .   I n   t h i s   s i m p l i f i e d  diagram, 

t an  es = 1 D 
For small  angles, 

Q eS = 5 i n   r a d i a n s  ( 2 )  

The o b j e c t ,   o f   l e n g t h 1  , i s  spoken  of as subtending a v isua l   angle  eS a t  t h e  

eye. I t  i s  apparent   f rom  the  equat ions  above  that   the   s ize  o f  the  subtended 

angle will depend  on  both  object-size, 1, and  object-distance,  D .  The geo- 

metr ical   information a s ingle   eye  receives  i s  l i m i t e d   t o   t h e   s i z e  of t h e  

image on the   r e t ina .   Th i s  image s i z e   c a n   i n   t u r n   b e   r e g a r d e d  as providing 

an  index  of  the  subtended  angle eS, s ince   t he   l eng th   o f   t he   eyeba l l ,  and there-  

fore  the  image-distance i n  the  eye i s  constant .  

S ince   the   v i sua l   angle  i s  a funct ion  of   both  object-s ize  and d i s -  

tance,  i t  i s  impossible   for   any  opt ical   system  such as t h a t  of  Fig. 64 t o  

provide  information  about   the  object-dis tance  specif ical ly ,   unless   there  i s  
some bas i s   fo r   e l imina t ing   t he   ob jec t - s i ze ,  i , as a va r i ab le   o f   t he   equa t ion .  

Two ways of  accomplishing  this may have  re levance  for   depth-percept ion:   (a)  
If the  s i ze  o f   t he   ob jec t ,  1 ,  i s  known, then i t  can, i n   e f f e c t ,   b e   i n s e r t e d  

i n  Eq. ( 2 )  and  the  dis tance,  D ,  be   ca lcu la ted  from the  subtended  angle, C&. 
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(b)  If, i n  a g i v e n   s i t u a t i o n ,   t h e   s i z e  of the  object ,   a l though unknown, can 

be assumed to   be   cons tan t ,   then   any   var ia t ions   occur r ing   in   the   subtended  

ang le   can   be   a t t r i bu ted   t o   d i s t ance   va r i a t ions   a lone .  Thus, i n  Eq. (2), t h e  

t o t a l   d i s t a n c e  will be   inverse ly   p ropor t iona l  t o  t h e  subtended  angle.  This 

re la t ionship   p rovides  a conce ivable   bas i s   for   the   phys io logica l   cont ro l   o f  

perceptions of r e l a t ive   d i s t ance .  What i s  being  suggested  here i s  t h a t   t h e  

observer, i n   h i s   p e r c e p t i o n s ,  may behave as i f  he were u t i l i z i n g  Eq. ( 2 )  as 
a bas i s   fo r   pe rce iv ing   r e l a t ive   d i s t ances   i n   dep th  from t h e   d i r e c t   s e n s i n g  

o f   d i f f e rences   i n   s i ze   be tween  images  and the re fo re  between  subtended  visual 

angles.  

What j u s t i f i c a t i o n  i s  t h e r e   f o r  assuming t h a t  Eq. (2) ,  represent ing 

a purely  geometr ical   re la t ionship,   can be  regarded as a re la t ionship   used  by 

the   ind iv idua l   in   conver t ing   the   sensed  s i z e  o f   r e t i n a l  images into  percep-  

t ions   o f   abso lu te   and   re la t ive   d i s tance?  

I t t e l s o n   d e s i g n a t e s  t h i s  assumption, t h a t  apparent  size  and  appar- 

en t   d i s t ance   can   be   subs t i t u t ed   fo r   s i ze  and d i s t ance ,   r e spec t ive ly ,   i n  Eq. 

(2) ,  the   s ize-dis tance  invariance  hypothesis .  He t h e n   u s e s t h i s   m o d i f i e d  

equation as a bas i s   fo r   p red ic t ing   t he   " appa ren t   d i s t ance"   t o  be  expected 

in   var ious  experimental   condi t ions  ( ref .  45).  Woodworth and Schlossberg 

(ref.  82), i n   t h e i r  well known tex t ,   used  a similar procedure in   a t t empt ing  

to  provide  an  understanding o f  e x p e r i m e n t a l   r e s u l t s   i n   t h i s   a r e a .   I t t e l s o n  

reviews  the  evidence  in some d e t a i l .  It i s  qui te   easy,  however, f o r  any i n -  

dividual   to   demonstrate   to   himself   the   plausibi l i ty  of the   equat ion .   F i r s t  

note   that   perceived  s ize   var ies   concomitant ly  with v i s u a l   a n g l e   i n  two ob- 

j e c t s   o f   d i f f e r e n t   s i z e  viewed  from t h e  same physical   d is tance;   then  note  

tha t   perce ived   d i s tance   var ies   inverse ly   wi th  visual angle,  by  viewing two 

ob jec t s  of the  same s i z e  a t  d i f f e ren t   phys i ca l   d i s t ances .  The combination 

o f  t h e s e  two r e l a t i o n s   i n   t h e  same equation  gives  one  the  equivalent o f  Eq. 

(2), but   with  apparent   s ize   and  apparent   dis tance  taking  the  place  of   physi-  

c a l  s i z e  and phys ica l   d i s tance  as va r i ab le s ,   r e spec t ive ly .  

Two innovations are u t i l i z e d  by Ames,  as reported  and  subsequently 

f u r t h e r   i n v e s t i g a t e d  by I t t e l s o n   ( r e f .  46) i n   t h e   u s e   o f   t h i s   e q u a t i o n   i n  
the   pe rcep tua l   f i e ld :  (a) t h e   u t i l i z a t i o n  of a psycho-physical method of 

equivalents  f o r  g e t t i n g   q u a n t i t a t i v e  measurements  of  apparent or   perce ived  
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distance,   which  can  then  be  subst i tuted  in   the  equat ion,  and (b )   t he   p roposa l  

of the  concept  of Ifassumed s ize" .  The concept  of  assumed  size  for familiar 

objec ts   permi ts   one   to   ge t  numbers t o   s u b s t i t u t e   f o r   t h e  s i z e  v a r i a b l e   i n   t h e  

apparent-size  and  distance  form  of Eq. ( 2 )  , o r   t o   r e g a r d  a constant ,   repre-  

sen t ing  assumed s i ze ,   t o   be   subs t i t u t ed   fo r   appa ren t   s i ze ,   t hus   p rov id ing   an  

algebraic   equivalent   for   the  observed  inverse  re la t ion  between  visual   angle  

and  perceived  distances.  The above  discussion  of   the  geometry  of   the  s ize  

d i s t a n c e   r e l a t i o n s h i p  is, o f  course ,   re levant   to   percept ions   o f   abso lu te  dis- 

tance and to   percept ions   o f  movement mediated  by  differences  or  change  in 

visual   angle ,   as  well as to   pe rcep t ions   o f   r e l a t ive   d i s t ance .  

b.   Experimental   studies.  On the  adequacy  of  size as a cue   t o   r e l a -  

t i v e   d i s t a n c e ,  we f ind  qui te   general   agreement .  It i s  i n   t h e  realm of  per- 

cept ions  of   absolute   dis tance  that   the   major   differences  appear .  The  demon- 

s t r a t i o n   i n   p i c t u r e s ,   d a t i n g  from t h e  time of  Leonard0  de  Vinci,   that   the 

l a rge r   o f  two drawings  of  the same objec t  i s  in t e rp re t ed   a s   c lo se r ,  i s  t h e  

pro to type   for   f ind ings   in   th i s   a rea .   Over t   exper imenta l   s tud ies  have  been 

ca r r i ed   ou t  by: Ames ( r e f .  1, 41), Bourdon ( r e f .  lo), P e t e r   ( r e f .  61), 
Bappert   ( ref .  6) , P o u i l l a r d   ( r e f .  64), Peterman (ref :  631, Carr ( r e f .  14) , 
I t t e l s o n  ( re f .  47, 48), and  Hochberg ( r e f .  39, 40). 

I n  general ,  i t  i s  found, as one i s  l ed   t o   expec t  from the  geometry 

of t he   s i t ua t ion ,   t ha t   pe rce ived   d i s t ances  are inve r se ly   p ropor t iona l   t o   t he  

subtended  visual  angles.  When the  angles  change  continuously i n  time, a t  a 

rap id  enough r a t e ,   t h i s   r e l a t ionsh ip   can   accoun t   fo r   t he   pe rcep t ion   o f  con- 

t inuous movement i n  r ange ,   a s   cons ide red   i n   t he   s ec t ions   dea l ing   w i th   t h i s  

top ic .  The inves t iga t ions  of Ames and h i s   a s s o c i a t e s  have  probably  provided 

t h e  most important   recent  work suppor t ing   the   ro le   o f   s ize  as a cue t o   d i s -  

t a n c e   ( r e f s .  1, 34, 46, 47). This  emphasis  on  the  importance  of  the  size  cue 

was poss ib ly  a consequence  of Amesf observat ions  of   the   effects   of   aneisekonia ,  

unequa l   r e t ina l  images i n   t h e  two eyes, i n   h i s   c l i n i c a l  work wi th   pa t ien ts .  

Motion P a r a l l a x  

A concise  characterization  of  the  term  "motion  parallaxf1 and i t s  r e -  

la t ion  to   depth  percept ion  has   been  given  by Graham, e t  al. ( ref .  30, p. 205) .  
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When an observer views monocularly a v i s u a l   f i e l d  con- 

t a i n i n g   o b j e c t s  a t  d i f f e ren t   d i s t ances ,  movements of t h e  ob- 

serverls eyes w i t h   r e s p e c t   t o   t h e   v i s u a l .   f i e l d   o r  movements 

o f   t h e   v i s u a l   f i e l d   w i t h   r e s p e c t   t o   t h e   o b s e r v e r ' s  eyes cause 

a d i f f e r e n t i a l   a n g u l a r   v e l o c i t y   t o  exist between a l i n e   o f  

s i g h t   t o  a f i x a t e d   o b j e c t   i n   t h e   f i e l d  and a l i n e  o f   s i g h t   t o  

some o ther   ob jec t .  The cond i t ion   o f   d i f f e ren t i a l   angu la r  

ve loc i ty   ho lds   fo r   b inocu la r   v i s ion  as well as  monocular. 

Ob jec t s   f a r the r  away than   t he   f i xa t ed   ob jec t   appea r   t o  move 

more s lowly   t han   t he   f i xa t ed   ob jec t  and, i f  the   observer  i s  

moving, t h e   f a r t h e r   o b j e c t s   a p p e a r   t o  move i n   t h e  same d i r e c -  

t i o n  as the  observer .   Objects   nearer   than  the  f ixated  object  

appear t o  move fas ter  t h a n   t h e   f i x a t e d   o b j e c t  and i n   t h e  oppo- 

s i t e  d i r ec t ion .  The g r e a t e r   t h e   d i s t a n c e  between o b j e c t s   t h e  

g rea t e r   t he   d i f f e rence   i n   appa ren t   speed .   Th i s  phenomenon i s  

ca l l ed  monocular movement p a r a l l a x  and provides an important 

cue f o r  monocular  space  perception." 

Thus pa ra l l ax   imp l i e s   t he   sub tend ing   o f   an   ang le  a t  the  eye  by two po in t s  

l y i n g  a t  d i f f e r e n t   d i s t a n c e s  from the  observer ,  and  motion p a r a l l a x   r e f e r s  

t o   t h e  change i n   t h i s   a n g l e  as t h e  eye moves r e l a t i v e   t o   t h e  two points .  

Contr ibut ions  bear ing on the   ro l e   o f   mo t ion   pa ra l l ax   i n   dep th   pe r -  

ception  have  been made by   the   workers   l i s ted   in   Table  XXX. Thi s   t ab l e   i nd i -  

cates  the  chronology  of  the  various  reports  and  the  chief  problems  considered 

by   each   inves t iga tor .   In   the   fo l lowing   sec t ions ,   the   s ta tus   o f   cont r ibu t ions  

to   these  problems will be summarized. 

Geometry  of  Motion Pa ra l l ax  

Pa ra l l ax  due t o  eye displacement. - Ogle  has  presented a diagram t o  

represent   the  geometry  of   paral lax when two po in t s   i n   space ,  P and F, are 

assumed t o  remain  f ixed and the  eye moves along a l i n e  a t  r i g h t   a n g l e s   t o  a 

l i n e   t h r o u g h   t h e  two poin ts .  The e s sen t i a l   f ea tu re s   o f   Og le l s   d i ag ram are 
shown i n  Fig. 6 5 .  Ogle's  diagram  has  been  altered i n  a f e w  non-essential   de- 
t a i l s  t o  f ac i l i t a t e  the   de r iva t ion   o f   equa t ions  and  comparison  with  other  dia- 

grams (ref. 16,  pp. 263-264). 
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From t h i s  diagram,  Ogle de r ives  two equations.  Eq. (3) shows t h a t  

t h e   r a t i o  of the   pa ra l l ax   ang le  p t o   t h e   a n g l e  @ through  which  the  eye 

has   ro ta ted ,   whi le   sh i f t ing   th rough  an   ex ten t  5, i s  e q u a l   t o   t h e   r a t i o  of t h e  

depth   in te rva l   (y  - yo) t o   t h e   t o t a l   d i s t a n c e  x. Eq. (4 )  shows t h a t   t h i s  same 

r a t i o  of d e p t h   i n t e r v a l   t o   t o t a l   d i s t a n c e  i s  a l so   equa l  to t h e   r a t i o  of t h e  

angular   ve loc i ty  of para l lax   angle  p t o   t he   angu la r   ve loc i ty   o f   t he   eye -  

ro ta t ion   angle  @ . It must   be   no ted   tha t   in   the   ana lys i s   the   angles  p 

and $J were assumed small  and  thus; p s i n  p ,  @ s i n  @ and y >> 9 . 2 

Y - Yo 
" L  - 
@ Y 

Pa ra l l ax  due t o  moving points ,   wi th   eye  f ixed.  - The diagram  of 

Graham, e t  a l . ,  t o   r e p r e s e n t   t h i s   s i t u a t i o n ,   c o r r e s p o n d i n g   t o   c o n d i t i o n s  

opera t ive   in   the i r   exper iments ,  i s  shown i n   F i g .  66. We have  emphasized  cer- 

t a i n   l i n e s   i n   t h e  diagram, t o   b e t t e r   b r i n g   o u t  i t s  equiva lence   to   Ogle ' s   d ia -  

gram. Comparison  of t h e  two ind ica t e s   t ha t   F ig .  65 can  be  used t o   r e p r e s e n t  

e i t h e r   s i t u a t i o n ,   t h a t   i n  which p a r a l l a x  i s  brought  about  by  the  shift  i n  eye 

pos i t ion ,  o r  t h a t   i n  which i t  i s  brought  about by simultaneous movement of   the 

environmental   points  as a group, i n  a d i r ec t ion   pe rpend icu la r   t o   t he   o r ig ina l  

l i ne   o f   r ega rd .   In   t he   fo rmer   ca se ,   t ha t  of t h e   l a t e r a l l y  moving  eye, po in t s  

P and F are f ixed ,  and the  eye moves from  point A t o   p o i n t  B y  while  continu- 

a l l y   f i x a t i n g  on  F. I n  t h e  l a t t e r  case,   the  eye i s  regarded as loca ted  a t  €3, 
and object-points  P and F move through  an  exte'nt s, a l o n g   p a r a l l e l   l i n e s  a t  

r igh t   ang le s   t o   t he   i n i t i a l   l i ne   o f   r ega rd   BP l , t e rmina t ing  i n  f i n a l   p o s i t i o n s  

P and F respect ively.   Table  XXVIII shows, i n  t h e  f irst  two columns, the   equi -  

valence  between  the  symbols  used  by  Ogle  and  by Graham, e t  al. Graham and 

h i s  co-workers  derive  Eq. ( 5 )  and Eq. (6) as a basis   for   the  computat ions 

they  subsequently  perform  with  their   experimental   data ( r e f .  32, p. 208) .  

1 1 - 
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The de f in i t i ons   o f  terms can  be  found i n  Table XXVIII, the   equat ions  of 

Graham, e t  a l .  ( ref .  3 2 ) ,  and  Ogle ( re f .  16, p.262) fo r   r ep resen t ing   t he  

r e l a t i o n s   i n v o l v e d   i n   p a r a l l a x  look q u i t e   d i f f e r e n t .  It may however merely 

be a matter o f   d i f f e r e n t  symbols  and  arrangement  of  terms. If we subs t i -  

t u t e   O g l e r s  symbols fo r   t hose   o f  Graham i n   t h e  l a t te r ' s  Eq. (6 ) ,  we ob ta in  

an   equa t ion   a lmos t   i den t i ca l   w i th   t ha t   o f  Ogler s Eq. ( 3 ) .  The d i f f e rence  

cons is t s   on ly   o f  a yo i n   p l a c e  o f  y, i n   t h e  denominator. I n   a d d i t i o n ,  a 

d i f f e r e n c e   i n   s i g n  may occur i f  one i s  n o t   c a r e f u l   t o  make t h e   p o s i t i v e   d i -  

rections  of  the  equivalent  angles  correspond. The d i f f e r e n c e   i n   t h e  denomi- 

na tor  term i s  n o t   c r i t i c a l ,   s i n c e  6 , t he   d i f f e rence  between y and  yo, i s  

s t a t e d  by G r a h h   t o   b e   v e r y  small compared t o   e i t h e r   o f   t h e s e  two terms. 

Hence it i s  immaterial   whether-y o r  y i s  used i n   t h e  denominator. I n  a sim- 

i lar  way,  Graham' s Eq. ( 5 )  can   be   t rans la ted   in to   Ogle ' s  Eq. (4). The  two 

pa i rs   o f   equa t ions   a re   thus   equiva len t ,  and i t  i s  i n   t h e   i n t e r e s t s  o f  s impli-  

c i t y   t o   u s e   j u s t  one set  of  symbols f o r  bo th   s i t ua t ions .  We therefore   pro-  

pose  to  use  those  of  Ogle. 

0 

Threshold  determinations. - Parallax  thresholds  have  been  reported by 

Tschermak-Seysenegg ( re f .  76) and  by Graham, Baker, e t  al. ( re f .  32).  The  de- 

termination  of  these  magnitudes  were i n  a s e n s e   i n c i d e n t a l   t o   t h e   s p e c i a l  

problems  of  the  investigators,  so  t h a t  it i s  n e c e s s a r y   t o   s c r u t i n i z e   t h e i r  

pape r s   t o   f i nd   appropr i a t e   da t a .  The authors  do not   themselves   indicate   that  

they  are at tempting  to   es tabl ish  normative o r  r ep resen ta t ive   va lues   fo r  para1.- 

lax thresholds .  

Two types of   th reshold  seem t o   u s   t o   b e   o f   i n t e r e s t  as indexes  of a 

sub j e c t l  s a b i l i t y   t o   u s e   p a r a l l a x  as a cue t o  depth: (1) t h e   r a t i o  as 

def ined   by   Ogle   (para l lac t ic   angular   ra t io)  ( ref .  16, p. 263) ; and ( 2 )   t h e  

d i f f e r e n t i a l   a n g u l a r   v e l o c i t y  w as defined  by Graham, e t  al. (ref. 32, p. 

208).   Both  of  these  variables are cons ide red   i n   t he   s ec t ion   on   t he  geometry 

o f  paral lax.   Threshold  values  are co l l ec t ed  i n  Tables X X I x  and x=. It 

s h o u l d   b e   n o t e d   t h a t   t h e   p a r a l l a c t i c   a n g u l a r   r a t i o  i s  no t   g iven   exp l i c i t l y   by  
e i t h e r  Graham, e t  al., o r   b y  Tschermak. The values en tered  i n  Table XXIX 
have  been  calculated  from  sections i n  t h e i r   r e p o r t s  i n  which  measures  of 

q-J 

t 
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para l l ax   t h re sho lds   (y  - y ) are given i n   l i n e a r   u n i t s ,   i n   a s s o c i a t i o n   w i t h  

a spec i f ica t ion   of   ob jec t   d i s tance .  Then t h e   r a t i o   ( y  - yo)/y can  be  cal- 

culated,  as i n d i c a t e d   i n  Eq. (3) , t o   s p e c i f y  P l$-  I n   r e l a t i n g  P / $  t o  

t he   t h re sho lds  f o r  o ther   cues   to   depth   percept ion ,  it should  be  noted  that  

t h i s   r a t i o  i s  formal ly   equiva len t   to  a Weber f r ac t ion .   S ince  it i s  equal 

t o  ( y  - y )/y, it p laces   i n   ev idence   t he   f r ac t iona l   pa r t   o f   an   ob jec t -d i s t ance  

y tha t   can   be   de tec ted  by an  observer by  means o f   pa ra l l ac t i c   angu la r  move- 

ments. 

0 

0 

It i s  o f   i n t e r e s t   t h a t   t h e   a b s o l u t e   d i s t a n c e s   i n v o l v e d   i n   t h e  ex- 

periments  ci ted were ex t r eme ly   sma l l ,   r e l a t ive   t o   abso lu t e   d i s t ances   l i ke ly  

to   be   involved   in   space   opera t ions .  It was between 9 and 10 i n c h e s   i n   t h e  

experiments  of Graham, e t  a l . ,  and approximately 8 inches  and 16 i n c h e s   i n  

experiments o f  Tschermak. If one  should  wish to   app ly   t hese   t h re sho ld  de- 

t e rmina t ions   t o   an   e s t ima t ion   o f   t he   dep th   i n t e rva l  o r  r a t e s   t ha t   can   be  

de tec ted  a t  l a rge   abso lu t e   d i s t ances   i n   space ,   t hen   an   i nqu i ry   i n to   t he  

va l id i ty   o f   such   ex t rapola t ion  i s  i n   o r d e r .  These  experimental  determina.- 

t ions   o f   para l lax   th resholds   a re   the   bes t   tha t   a re   ava i lab le . ,   indeed   the  

o n l y  ones  avai lable .  If they   a re  o f  p o s s i b l e   p r a c t i c a l   s i g n i f i c a n c e   i n   t h e  

space-operat ions,   then  there  i s  need f o r   e q u i v a l e n t   i n v e s t i g a t i o n s   a t   l a r g e  

absolu te   d i s tances .  Dees' i nves t iga t ion   o f   t he   ro l e   o f   pa ra l l ax   i n   dep th  

percept ion was c a r r i e d   o u t  a t  r e l a t ive ly   l a rge   phys i ca l   d i s t ances .  But t h e  

r e s u l t s  were no t   fo rmula t ed   i n   t he  form o f  t h e   p a r a l l a x   t h r e s h o l d s   t h a t  we 

have  been  discussing, and i t  i s  not  immediately  apparent  whether  they  can  be 

t ranslated  into  such  terms.  

Effect   of   cer ta in   parameters  on pa ra l l ax   t h re sho lds .  - Parameters  re- 

garded as p o s s i b l e   f a c t o r s   i n   i n f l u e n c i n g   p a r a l l a x   t h r e s h o l d s  have  been  assem- 

b l ed   i n   Tab le  =I, with  associated columns t o  show the  source  of   these  data ,  

and resu l t s   ob ta ined .  
I n  some i n s t a n c e s   i n  which a par t icu lar   parameter   has   been   inves t iga ted  

by more than  one  worker, we find  agreement i n   t h e   e f f e c t s   o b s e r v e d ;   i n   o t h e r s  we 

find  disagreement. Graham, e t  a l .  ( ref .  3 2 ) ,  and  Zegers ( re f .  85 ), f o r  example, 

are i n  agreement t h a t   t h r e s h o l d s  are inc reased   w i th   i nc reased   r a t e   o f   r e l a t ive  

movement of   the  s t imulus-objects   and  the  eye.  Rose ( re f .  66) and Graham, e t  a l .  

( r e f .  3 2 ) ,  on t h e   o t h e r  hand, d i f f e r   o n   t h e   e f f e c t   o f  a change i n   a x i s  of  
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motion   para l lax   f rom  the   hor izonta l   to   the   ver t ica l  ax is .  Graham, e t  al. , 
r epor t  an inc rease   i n   t h re sho ld ;  Rose, a decrease.  Table ;wII i s  intended 

to   i nd ica t e   on ly   t he   gene ra l   d i r ec t ion  of  change  of pa ra l l ax   t h re sho lds   w i th  

i n c r e a s e   i n   t h e   s p e c i f i e d   v a r i a b l e .  More spec i f ic   da ta   on   changes   in   va lues  

f o r  some parameters are shown i n  Tables XXM and XXX. Curves  showing 

t h e  form  of the  funct ions  involved  for  some of  these  parameters when used as 

va r i ab le s  may be  found i n   t h e   p a p e r   o f  Graham, e t  al. ( r e f .  32 ) . 
Phenomenological - .~ experiences  of  depth. - Gibson, e t  al. ( r e f .  26 ) , , 

have c r i t i c i zed   t he   t endency   o f   p rev ious   i nves t iga to r s  to speak of motion 

p a r a l l a x   a s  a cue to   depth  i n  the  absence  of   direct   evidence  that   subjects  

have  the  actual  experience of perceiving  depth when repor t ing   de tec t ion  o f  
parallax-angles.  They therefore   se t   themselves   the   t ask  of determining 

whether  subjects  spontaneously  reported  on  experiences of  depth when con- 

d i t i o n s  were s e t  up to   genera te   geometr ica l   para l lax .  Two types   o f   s i t ua t ion  

were cons idered:   (a )   the  empty f i e l d   s i t u a t i o n ,   i n  which p a r a l l a x  was pro- 

duced by d i sc re t e   po in t s   o r   ob jec t s ,   a s   i n   t he   expe r imen t s  of Graham, e t  al., 
and ( b )  t he   con t inuous   f i e ld   s i t ua t ion ,   i n  which t h e r e  was a gradient  o f  

motions  from a cont inuous   sur face   re la t ive   to  some reference  point .  The 

l a t t e r   s i t u a t i o n  i s  one t h a t  may be  not uncommon i n  an ear th-bound  s i tuat ion,  

but i t  i s  probably  extremely  rare  in  rendezvous  operations i n  space. I n  gen- 

e r a l ,  Gibson, e t   a l . ,   f r equen t ly   f a i l ed   t o   ob ta in   spon taneous   r epor t s  of  ex- 

periences  in  depth  even when geometrical   motion  parallax was present .  Such 

r epor t s  became more frequent  when the   sub jec t s  were  given  appropriate  supple- 

mentary  information  about  the  si tuations  they were to   observe.  

Convergence as a Cue to   the  Percept ion  of  Depth 

Convergence r e f e r s   t o   t h e   f a c t ,   i l l u s t r a t e d   i n   F i g .  67, t h a t  when an 

observer   f ixa tes  a po in t  on a n   o b j e c t   i n   f r o n t  of him, the  two eyes will ro- 

t a t e  so t h a t   t h e i r   l i n e s  of regard will i n t e r s e c t  a t  the   po in t   f ixa ted .   This  

fact ,   according t o  Bor ing   ( re f .  9, p. 271), was known t o   t h e   a n c i e n t s ,   f o r  

example, to   Eucl id ,   bu t  i t s  poss ib l e   s ign i f i cance   fo r   dep th   pe rcep t ion  w a s  not  
r e a l i z e d   u n t i l  much la ter .  A t  t h i s   l a t e r   p e r i o d ,   t h e  key names were  Aguilonius 

(1613) , Descartes (1637) , and  Berkeley  (1709). 
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Aguilonius ,   the   inventor   of   the   concept   of   the   horopter   thought   of  

i t  as a p l ane   con ta in ing   t he   po in t   o f   f i xa t ion ,  so t h a t   t h e   d i s t a n c e   o f   t h i s  

plane from the   obse rve r  would  depend  on the  angle  between  the two eyes. 

Horopter i s  a term used to   des igna te   t he   l ocus   o f  a l l  p o i n t s   i n   o u t e r   s p a c e  

which an  observer  will see as s ing le  when both   o f   h i s   eyes  are f i x a t e d  on a 

pa r t i cu la r   po in t ,  P. Descar tes   ( re f .  9 ,  p.  271) somewhat la ter ,  described 

the  eyes  as fee l ing   ou t   the   d i s tance   to   an   ob jec t   by   the   convergence   o f   the  

o p t i c  axes, and  apparent ly   bel ieved  that   the   individual   could sense the   angle  

between the  eyes  as a means f o r  apprehending  the  dis tance  of   the  object .  

Berkeley ( re f .  9 ,  p.  272),  not  accepting  Descartesl  view  of a d i r e c t   s e n s i n g  

of  the  angle  of  convergence,  speculated  on how t h e   i d e a   o f   t h e   d i s t a n c e   t o  

an  object  could  be  derived from the   sensa t ions   he  assumed were produced by 

the  movements of   the  eyes   in   convergence.  He developed   an   assoc ia t ion is t ic  

type  of  theory,   based  on  previous  experience  of  the  individual,   that  was not  

d i f f e r e n t   i n   e s s e n t i a l s  from the  views  held  by  Helmholtz,  by Wundt, and by 

Titchener,   about 2 cen tu r i e s  l a te r  ( r e f .  9 ,  p.  272). 

Graham ( re f .  30, p .   520)   points   out   that   experimental   invest iga-  

t i o n s  of  the   ro le   o f   convergence   in   depth   percept ion  fa l l  i n t o  two c lasses :  

(a )   de te rmina t ion   of   depth   th resholds   for   convergence   ( th rough  b inocular  

viewing),   generally i n  conjunct ion  with  the  determinat ion  of   such  thresholds  

f o r  accommodation ( through  monocular  viewing),  and ( b )  expe r imen t s   u t i l i z ing  

s t e r e o s c o p e s   i n  which it i s  p o s s i b l e   t o  change  convergence  without  appreciably 

a l t e r i n g  accommodation. I n v e s t i g a t i o n s   f a l l i n g   i n   t h e  first c l a s s  were ca r r i ed  

out  by  Wundt ( r e f .  84), Hillebrand ( re f .  37),  Arrer ( ref .  3 ) ,  B a i r d   ( r e f .  4), 
and Pe te r  ( r e f .  61);  i n  the  second  c lass   by Swenson ( r e f .  7 2 ) ,  a student   of  

C a r r  ( r e f .  lb), by  Grant ( re f .  33), and by  Gogel  (ref. 28). Graham, a f t e r  

reviewing  these  s tudies ,   concludes  that   I lconvergence  provides ,   a t   best ,  a 

minor  system  of  cues to   d i s t ance1 '  ( ref .  30, p. 521).  Ogle ( re f .  16, p.  266) 

comes t o  a similar conclusion.   This   s ta tement ,   ref lect ing no doubt   the   s ta tus  

o f   r e s e a r c h   i n   t h i s   f i e l d ,  i s  no t   a l t oge the r   s a t i s f ac to ry  from the   po in t  of  
view of def in i t eness  and  unambiguity. TO achieve   anyth ing   be t te r ,   fu r ther  

experimentat ion,   based  on  cr i t ical  and probably  laborious  analyses  o f  pre- 

v ious   inves t iga t ions  would probably  be  necessary. 

It  is  conceivable   too  that   the   quest ions  asked  concerning  the  role  
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of accommodation  and  convergence i n  the  perception  of  depth  need  reformula- 

t ion .  Even  though  unequivocal  evidence  that  these mechanisms provide  effec-  

t i ve   cues   t o   t he   pe rcep t ion  of d i s t ance  may be  wanting, it i s  p o s s i b l e   t h a t  

their   importance l ies  i n   t h e i r   r o l e  of an underlying and indispensable  mech- 

anism.  Thus  convergence may be  necessary in   o rde r   fo r   t he   op t ima l   deg ree  of 

r e t i n a l   d i s p a r i t y   t o   b e   p r o v i d e d  as a cue f o r   s t e r e o p s i s   r a t h e r   t h a n  as an 
immediate  source  of  cues  to  distance.   Considering  convergence  from  this 

a l t e r e d   p o i n t  of view may l e a d   t o   d i f f e r e n t  and more f r u i t f u l   q u e s t i o n s   t o  be, 

asked  of  experiments  than  have  generally  been  considered i n   t h e   p a s t .  

S t e reops i s  

S te reops is   re fe rs   to . the   percept ion   of   depth   p roduced   by  a dispar-  

i t y ,   o r   l a c k  of  correspondence,  of  images i n   t h e  two eyes   resu l t ing  from t h e  

d i f fe ren t   pos i t ions   o f   the   eyes  when viewing a three   d imens iona l   ob jec t   o r  

scene. If t h e   d i s p a r i t y  between t h e  images i s  too  great ,   double   visual  

images  occur; i f  t h e   d i s p a r i t y  i s  too small, the  perception  of  depth will 
not  occur. Hence one  of  the  principal  problems i s  tha t   o f   spec i fy ing   these  

limits in   quan t i t a t ive   t e rms .   In   t he   p re sen t   s ec t ion ,  af ter  an  introductory 

account   of   geometr ical   re la t ions  involved  in   the measurement  of s t e r eops i s ,  

we s h a l l  summarize the   p r inc ipa l   exper imenta l   f ind ings   wi th   respec t   to   the  

s t e r e o p t i c   t h r e s h o l d   l e v e l s  found  and  the  parameters  influencing them. A 

f inal   paragraph will consider  mathematical  functions  experimentally  estab- 

lished,  under  conditions  of  binocular  viewing, which show equivalent  depth 

i n t e r v a l s  as a func t ion  of absolute   dis tance.  

Geometr ical   re la t ions.  - Fig. 67 is a simple  diagram  designed t o  

show t h e  meaning of   the  s tereoscopic   angle  q .  The f i x a t i o n   p o i n t  F and 

another   point  P, ly ing  behind F, are   represented as l y i n g   o n   t h e   o p t i c a l  

axis o f   t h e   l e f t   e y e  (L. E . ) .  The r igh t   eye  (R .  E . )  i s  also f i x a t e d  on 

po in t  F. The depth- interval  FP thus  subtends  an  angle q ,  a t  the  nodal  

point   of   the   r ight   eye.   This   angle   represents   the  angular   dispar i ty   between 
the   re t ina l   images   o f   po in t  P o n   t h e   l e f t  and r i g h t  retinas ( r e f .  16 ,  p. 2 9 2 ) .  

One of   the  chief   techniques  used  for   measuring  the  effect iveness   of  
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s te reops is   in   media t ing   depth-percept ion   has   been   tha t  o f  determining  the 

angular   d i spar i ty   th reshold ,   the  minimum value   o f  77 requi red  i n  var ious  sit- 

ua t ions   fo r   t he   dep th - in t e rva l  FP t o  be de tec ted .  The u s u a l   s t a t i s t i c a l  con- 

ventions  should, of c o u r s e ,   b e   u t i l i z e d   i n   t h e   d e t e r m i n a t i o n   o f   t h i s   t h r e s h o l d ,  

as  with  any  other.  

It will b e   o f   i n t e r e s t   t o  compare t h i s  diagram  with  that   of  Fig.  56, 
used t o   r e p r e s e n t   t h e   g e o m e t r i c a l   r e l a t i o n s   i n  monocular pa ra l l ax .  It i s  ap- 

parent   f rom  inspect ion  that   the  two diagrams are geometr ica l ly   ident ica l .  I t  

requi res   on ly  a change i n   i n t e r p r e t a t i o n   f o r   t h e  same diagram t o  be  used  for  

both  cases.  

On the   bas i s   o f   t he   d i ag ram  in   F ig .  67, Ogle  der ives   the  fol lowing 

equat ion   ( re f .  16, p.  292),  which shows how the   depth  interval A \depends 

on the  viewing  dis tance b the   angu la r   d i spa r i ty  q ,  and t h e   i n t e r o c u l a r   d i s -  

tance  2a . By assuming a r ep resen ta t ive   va lue   o f  6.4 cm. f o r   t h e   i n t e r o c u l a r  

d i s tance ,  and some spec i f i ed   va lue   fo r   t he   t h re sho ld   ang le  ?‘j based  on ex- 

perimental   determinations,   he i s  a b l e   t o   c a l c u l a t e   f u n c t i o n s  showing how t h e  

minimum d e t e c t a b l e   d e p t h   i n t e r v a l  A bvwil l   vary as a funct ion  of   the  viewing 

d is tance  h,. Computations o f  t h i s   s o r t  may be of  va lue   in   connec t ion   wi th  

rendezvous  space  operations i n   i n d i c a t i n g   t h e  minimum dep th   i n t e rva l s   r e -  

quired a t  var ious  viewing  dis tances   to   be  detectable   by maans of   s te reops is .  

V’ 

0 

t’ 

A t a b l e  of  Ogle‘s   showing  the  resul ts  o f  such   ca lcu la t ions   for   var ious  assumed 

values   of  q i s  reproduced as Table X X X V  ( ref .  16, p. 293) .  t 
Through the  use  of  Eq. ( 7 ) ,  one  can  also  determine  the maximum view- 

ing   d i s tance ,  bL, a t  which it i s  p o s s i b l e   t o   d e t e c t  any  depth  interval ,  how- 

ever   l a rge ,   by   s te reops is .  I n  Eq. ( 7 ) ,  we  may ask what condi t ions  will make 

t h e   d e t e c t a b l e   d e p t h   i n t e r v a l   A b v   i n f i n i t e .  Th i s  condi t ion  w i l l  come about 

when the  denominator  expression  equals  zero.  Thus, i f  (2a0- bvV) i s  s e t   e q u a l  

t o  zero,   then 

2a 
0 b = -  

L q t  
Th i s   equa t ion   i nd ica t e s   t ha t   t he  m a x i m u m  viewing  distance f o r  s te reops is   de-  
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pends   on ly   on   the   in te rocular   in te rva l  2a.and the   th reshold   angle   q t .   This  

d i s tance   can   be   increased   on ly   by   increas ing   the   in te rocular   in te rva l   o r   de-  

c reas ing   the   s te reopt ic   angular   th reshold .  Such  conclusions  indicate  the  need 

of   e i ther   appropr ia te   se lec t ion   procedures ,   for   personnel ,   o r   the   use  of  ap- 

p r o p r i a t e   o p t i c a l   a i d s .  

Experimental  determinations. - The abso lu te   l eve l s  of s t e r e o p s i s  

threshold i s  shown in   Table  XXXIII. The e f f ec t   on   t he   t h re sho ld   l eve l   o f  

various  parameters i s  shown i n  Tables XXXIV and XXXV for   s t imulus  para-  
meters  and  receptor  parameters,   respectively.  It should  be  noted  that   the 

rec iproca l   o f   the   th reshold   d i spar i ty   angle  i s  r e f e r r e d   t o  as s tereoscopic  

acui ty ,  a procedure   cor responding   to   tha t   used   in   spec i f ica t ions  of v i s u a l  

a c u i t y  (ref.  16,  p. 286). 

Mathematical   functions  representing  stereoscopic  depth  perception. - 
Although  not  belonging  exclusively i n   t h i s   s e c t i o n ,  i t  i s  o f   i n t e r e s t   t o  con- 

s ider   cer ta in   a t tempts   to   represent   the  manner i n  which t h e   c a p a b i l i t y   f o r  

relative  depth  perception,  presumably  mediated  by  stereopsis  plus supplemen- 

t a r y  monocular  cues,  changes as a func t ion  of   physical   d is tance  of   the  per-  

ceived  object   f rom  the  subject .   Gi l insky  ( ref .  27 ) derived  such a funct ion 

on the  basis   of   perceived  increments   in   depth  that   were  greater   than  thres-  

hold, and Teichner a function  based on threshold  increments   ( ref .  7 5 ) .  
Gil insky  asked  her   subject   to   use as a reference  standard what they 

thought w a s  the  extent  marked o f f  by  one  meter ( in   another   experiment ,  one 

f o o t ) .  Then, s t a r t i n g  from  the  posi t ion of the   subjec t ,   she   l a id   o f f   markers ,  

under   instruct ions  f rom  the  subject ,   to   correspond  to   successive  subject ive 

increments  of  one  meter. The length  of  these  successive  increments was 

measured i n   p h y s i c a l   u n i t s .  If now the   psychologica l   un i t s ,   ex ten ts   per -  

ceived  by  the  subject  as a l l  equ iva len t   t o  one  meter,  are  regarded as a l l  

equal, we  may lay  off   the   successive  physical   increments   on  the x-axis, t o  

correspond  to   the  successive  increments  of  equal  sense-distances  on  the  y- 

axis. We thus   ob ta in  a curve  of  perceived  distance as a funct ion  of   physical  

d i s t ance .   G i l in skyf s   equa t ion   fo r   r ep resen t ing   t h i s   func t ion  is: 
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where d i s  perceived  dis tance,  
P 

D i s  t r u e   d i s t a n c e ,  and 

A i s  maximum l i m i t  i n  perce ived   d i s tance   for  a given  observer.  

Ogle, i n   d i scuss ing   G i l in sky t s   da t a ,   p roposed  a somewhat modified 

equat ion shown here  as Eq. (10) ( re f .  16, p. 2 5 6 ) .  

where d i s  the  perceived  dis tance,  

D i s  the   ob jec t ive   d i s t ance ,  

do i s  a s p a c e   c o r r e c t i o n   f a c t o r   f o r   a n   e r r o r  i n  t h e   o r i g i n  

K~ i s  a constant ,   found  to   equal  7.92 fo r   G i l in skyr  s data .  

An i n v e s t i g a t i o n  by Teichner, e t  al. ( re f .  75) ,  upon depth  discrimi- 

P 

of   the   da ta ,  and 

nation  under commonplace viewing  condi t ions  a lso  led  to   an  equat ion  showing 

the  way depth  discrimination  changes  as a funct ion  of   dis tance.  The appara- 

tus   used was modeled a f te r  the  Howard-Dohlman appara tus   f requent ly   used   for  

de te rmina t ion   of   th resholds   in   depth  ( re f .  86, p. 454). Instead  of  rods,  

however, these  workers  used two l a rge   b l ack   r ec t ang le s ,  66 inches  by 7 2  inches 

i n  s ize .  One r ec t ang le  was f ixed   a t   each   o f  a series of   dis tances   extending 

up t o  1500 feet ,  and t h e   o t h e r   v a r i e d   i n   p o s i t i o n   u n t i l  it was judged t o  be 

a t  t h e  same d is tance  as the   o ther   rec tangle .  The method used was thus  a form 

of  the  psycho-physical method of  equivalents .  The s tandard   devia t ion   of   d i f -  

f e r ence   i n   d i s t ance  between the  two rectangles   ( f rom  the  observer)  was used 

as   an  index  of   precis ion.   This   quant i ty   can  a lso  be  used as a measure  of  the 

difference  threshold,   s ince it can  be  regarded as l y i n g  a t  the   bo rde r   l i ne  

between  depth-extents  seen as equal,  and those  seen as not  equal,  on a statis- 

t i c a l   b a s i s .  When Teichner, e t  al., p lo t t ed   t he   s t anda rd   dev ia t ion   a s  a func- 

t ion   o f   the   observa t ion   d i s tance ,   they   ob ta ined  a c u r v e   s l i g h t l y  concave  up- 

wards. By the  method  of least  squares   they  found  the  fol lowing  equat ion  to  

give a curve  of   best  f i t .  

S.D. = 0.002 D 

where, S .  D. i s  the   s t anda rd   dev ia t ion ,   i n  feet ,  and 
D i s  t h e   t r u e   d i s t a n c e ,  i n  feet .  

1.35 (11) 
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The au thors   po in t   ou t   tha t   the   accepted   equat ion   for   the   p rec is ion  

of  stereoscopic  depth is: 

The d i f f e rence  i n  the  exponents i n   t h e s e  two power func t ions   i nd i -  

ca tes   tha t   the   d i f fe rence   th reshold ,   under   the   condi t ions   o f   Te ichner ,  et- 

al., i nc reases  more s lowly  with  dis tance  than would b e   t r u e  if t h e   d e t e r -  

mining  factor  were s t e reops i s .  They conclude  that  monocular  cues  to  depth 

percept ion were a l s o  involved.   Final ly ,   they  conclude  f rom  reports   of   their  

observers on the  method they   u sed   fo r   de t ec t ing   d i f f e rences   i n   d i s t ance   t ha t  

vernier   acui ty   probably  provided  the  chief   cue  to   depth-discr iminat ion,  as 

used i n   t h i s   s t u d y .   V e r n i e r   a c u i t y   r e f e r s   t o   t h e   a b i l i t y   o f   a n   o b s e r v e r   t o  

d e t e c t  a break i n  a l o n g   l i n e ,  when one p a r t  o f   the   l ine  i s  d isp laced   re la -  

t i v e   t o   t h e   o t h e r .  It is  poss ib le   to   spec i fy   an   angular   th reshold ,   cor res -  

ponding to   the  visual   angle   subtended by the  distance  of  displacement.  Berry, 

e t  al., have  reported  such  vernier   acui ty   thresholds   to   be  qui te  small, of  the 

order  of 2 s ec .   o f   a r c   ( r e f .  8 ) .  In   Te ichner '  s experiment,   subjects  reported 

that   the   edges  of   the  two t e s t - t a rge t   squa res  were  seen as ly ihg  on t h e  same 

s t r a i g h t   l i n e  when t h e   t a r g e t s  were  seen as the  same d i s t ance  away, and t h a t  

they  ( the  subjects)   used  the  displacement   of   the   edge  of  one  square  re la t ive 

t o   t h e   o t h e r  as an   ind ica t ion   of  a difference  in  depth.   Although  the  conclu- 

s ion   of   the   au thors   tha t   vern ier   acu i ty   p robably  formed t h e   b a s i s   f o r  judg- 

ments  of r e l a t ive   dep th   i n   t h i s   expe r imen t  seems j u s t i f i e d ,  it does  not  neces- 

sa r i ly   fo l low  tha t   the   equat ion   der ived   by  them to  represent   depth  discr imina-  

t i o n  as a funct ion  of   dis tance will hold, i f  conditions are arranged so t h a t  

subjec ts   cannot   re ly   on   th i s   acc identa l   jux topos i t ion   o f   the  two r ec t ang le s  

f o r  making t h e i r  judgments.  The  function  derived i n   t h i s  experiment may 

possibly  be  an  ar t i fact   of   the   technique  used.  

Range Rate 

Opera t ions   o f   p i lo t s   in   rendezvous  maneuvers are obviously  dependent 

on information  they are ab le   to   ob ta in   concern ing   the   p roper t ies  o f  motion  of 
pu r sued   veh ic l e s   r e l a t ive   t o   t he i r  own. Another   sec t ion   of   th i s   repor t   dea ls  

with  cross-range  motions. The p resen t   s ec t ion  will review  the  s i tuat ion  with 
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respec t   to   the   percept ions   o f  movements i n  range. A s  a point   of   departure ,  

we aga in   t ake   t he   po in t   o f  v i e w  t h a t   t h e   v i s u a l  system can be  considered 

analogous t o  a physical   inst rument ,  and ask  about i t s  c a p a b i l i t i e s   f o r  ob- 

taining  information  about  range  motions  of  external  objects.  If we  were 

designing  an  instrument   for   this   purpose,  we  would w a n t  t o  determine  the 

ins tan taneous   ve loc i ty  as a funct ion  of  time during  any  specif ied  t ime  inter-  

val .  By i n t e g r a t i o n  and d i f f e r e n t i a t i o n ,  we could  then a l s o  determine  dis-  

tance  t raveled  and  accelerat ion,   respect ively.  A s e a r c h   f o r   l i t e r a t u r e   i n  

th i s   a rea   ind ica tes   tha t   the   ques t ions   tha t   have   been   asked   a re  much more 

modest, a func t ion   in   par t   o f   the   ex t remely   l imi ted  number of i nves t iga t ions  

d i r e c t e d   e x p l i c i t l y   t o   t h e  problem  of  the  perception  of  motion i n  range. 

Percept ion   of   rea l  movements . . .  i n  range. - We have  found  only two i n -  

vestigators  concerned  with range-movements who have u t i l i z e d  real  movements 

i n  range i n   t h e i r  experiments:   I t telson, i n  1951 ( r e f .  47 ), and  Baker  and 

Steedman, i n  1961 ( ref .  5 ) .  Baker  and  Steedman were apparent ly  unaware of 

I t t e l s o n ’ s   i n v e s t i g a t i o n ,   s i n c e   t h e y  make no r e f e r e n c e   t o  it. They regarded 

their   experiments  as an  extension  of  the  experiments of  Smith ( r e f .  67, 68, 
6 9 ) ,  who worked wholly  with  simulated  perceptions  of movement. T h e i r   u t i l i -  

zat ion  of  real  movements was  a consequence  of   the  par t icular   technique  they 

developed t o   s e t  up  perceptions  of movement based  on  size  changes. They were 

apparently  not  concerned  about  any  dist inction  between  real   and  simulated 

movements. I t t e l s o n   u t i l i z e d   r e a l  movements i n  range i n   o r d e r   t o   p e r m i t   h i s  

s u b j e c t s   t o  compare the  monocularly  observed  perceptions  of  simulated move- 

ments  produced  by  continuous  size  changes  with  the  perceptions  of  real  move- 

ments. 

The e s sen t i a l   f ea tu re s   o f   t he   appa ra tus   u sed   by   I t t e l son   fo r   p ro -  

ducing  both real and simulated movement i n   t h e  same v i s u a l   f i e l d   a r e   o f   i n -  

t e r e s t .  His experiments  on movement used  the same bas i c   appa ra tus   t ha t  was 

used in   h i s   expe r imen t s   on   s t a t i c   pe rcep t ion   i n   dep th .  

‘‘ . . .a two a l ley   se t -up ,  one a l ley   conta in ing   the   exper -  

i m e n t a l   f i e l d   i n  which the   s t imu lus   s i t ua t ion   be ing   s tud ied  
can  be  placed,  and  the  other  alley  containing  the  comparison- 

f i e l d   r e l a t i v e   t o  which apparent  distance  can  measured. A 
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system  of  1ni.rrors  enables 0 t o  see both   a l leys   s imul tane-  

ous ly   and   appa ren t ly   d i r ec t ly  i n  f ron t   o f  him. 

"The s t imulus-s i tuat ion  used  consis ted  of  two p a r t s .  

t h e  first w a s  a c a r t   b e a r i n g  a l ight-box  with a square 

ape r tu re  3% i n .  x & in.  illuminated  from  behind,  Target 

A .  This cart  was motor  driven  on  tracks i n  such a way 

t h a t   t h e   t a r g e t  moved back  and  forth,  between two po in t s  

6 and 1 2  feet i n  a r a d i a l   d i r e c t i o n  from 0, a t  a constant  

speed  of 36 f t .  pe r  min. , r equ i r ing  10 sec .   t o   cove r   t he  

6 f t .  of  travel. 

"The second  par t   consis ted  of  a l ight-box a t  a f ixed  

d is tance   o f  9 f t .  from 0,  containing a s imi la r   i l lumina ted  

aper ture   o f   var iab le   s ize ,   Targe t  B. The s i z e   o f   t h i s   t a r -  

ge t  was con t ro l l ed  by the  motion of the   ca r t   ca r ry ing   Ta r -  

g e t  A ,  so  that   the   s ize-change  of  B was always  synchronized 

with  the  motion  of A .  Target  B varied  from a p+ i n .   t o  a 

4 3/4 in .   square,   subtending  the same range  of   visual  

angles  as Target A .  ( ref.  47) 

I t t e l s o n  states t h a t   t h e   r e p o r t s  of h i s   s u b j e c t s   i n d i c a t e d   t h a t  

r a d i a l  movement o f   t a r g e t  B was perceived, as a r e s u l t  o f  the  cont inuous  s ize  

changes, t h a t  was ind i s t ingu i shab le  from t h e   r e a l   r a d i a l  movement o f   t a r g e t  

A ,  a r e s u l t  which suppor t s   h i s   conc lus ion   t ha t   r e t ina l   s i ze  must be  consid- 

ered  an  adequate  cue t o   t h e   p e r c e p t i o n  o f  d i s tance .  

Baker  and  Steedman ( r e f .  5 ,  70)  took  as   their   problem  the determi- 

na t ion   of   th resholds   by   the  method o f   cons t an t   s t imu l i   fo r   t he   pe rcep t ion  

of movement i n  depth. The  method o f  cons tan t   s t imul i  was regarded as el imi-  

n a t i n g   c e r t a i n   m e t h o d o l o g i c a l   d i f f i c u l t i e s   n o t e d   i n  eaylier experiments  of 

Smi th ,   inc ident   to   the   use   o f   the  method of limits. I n   t h e  method of con- 

s t a n t   s t i m u l i  it i s  customary t o   u s e  a t  least  5 s t imulus values, with a 

l a r g e  number of  instances  of  each  value  being  presented i n  random order .  A 

record i s  kept   o f   the   percentage   o f   repor t s  i n  which t h e   s u b j e c t   d e t e c t s   t h e  
psychological phenomenon being  invest igated.  From the   cumula t ive   p robabi l i ty  

c u r v e   f i t t e d   t o   t h e   d a t a ,   o n e  can spec i fy   t he   t h re sho ld  as the   s t imu lus  value 
corresponding t o  a spec i f ied   percentage   o f   pos i t ive   repor t s   recorded   on   the  
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cumulative  percentage axis. I n  Baker  and  Steedman's  application o f  t h i s  

method, they  used as t h e i r   s t i m u l u s   v a r i a b l e   t h e  time of   exposure  of   the  

moving s t imulus.   This   var iable   could a lso  be  expressed as the   equ iva len t  

d i s t ance   o f   t r ave l   o f   t he   s t imu lus -ob jec t ,   f o r  a g iven   ve loc i ty   o f   the  stim- 
ulus  object,   and as an   increment ,   pos i t ive   o r   nega t ive ,   in   the   v i sua l   angle  

subtended a t  the   eye .  A s  an   index   of   the   th reshold ,   the   au thors   used   the  

75% point  on the  cumulative  frequency axis, ra the r   t han   t he  5'0% poin t .  

With th i s   t h re sho ld   va lue ,   t he   au tho r s  were now i n  a p o s i t i o n   t o  

i n v e s t i g a t e   t h e   e f f e c t  of  various  parameters. The au thors   repor t   the   fo l low-  

ing   e f f ec t s :  

( a )  as the   luminance   of   the   s t imulus   t a rge t   increases ,   the  
threshold  decreases;  

( b )  as the   ve loc i ty   o f   t he   t a rge t   i nc reases ,   t he   t h re sho ld  
decreases;   and 

( c )  when t h e   t a r g e t  i s  viewed b inocular ly ,   ins tead  o f  mono- 
cu lar ly ,   the   th reshold   decreases .  

Th i s   dec rease   i n   t he   t h re sho ld  i s  regarded as equ iva len t   t o  an increased 

capab i l i t y   fo r   de t ec t ion   o f  movement i n  range. 

The magnitude  of   the  visual   angle   change  required  for   threshold  level  

t o  be reached is  o f   i n t e r e s t .  A t  a luminance  level  of 1 f t .  lambert ,  i t  was 

found t h a t  a 2% change i n   v i s u a l   a n g l e  was requ i r ed   t o   r each   t he  75% l e v e l  on 

the   cu rve .   S ince   t he   i n i t i a l   v i sua l   ang le  was always 40 min. o f   a r c ,   t h i s   i n -  

crement i s  equ iva len t   t o  a v i sua l   angle   o f  0.8 min. of   a rc ,  somewhat l e s s   t h a n  

the   cus tomary   spec i f ica t ion   for   v i sua l   acu i ty   o f  1 min. o f   a r c .  The authors  

ra i se   the   ques t ion   of   whether   the  2% va lue   o r   the   equiva len t  0.8 min. of   a rc  

i s  the   s ign i f icant   quant i ty   to   be   used ,  i f  one  wishes t o  ex t r apo la t e   t o   d i f -  

f e r e n t  i n i t i a l  values  of  the  subtended  visual  angle.  

To answer th i s   ques t ion ,   t he   au tho r s   ca r r i ed   ou t   ano the r   i nves t iga -  

t i o n ,   i n  which t h e   i n i t i a l   v i s u a l   a n g l e   o f   t h e   v i s u a l   t a r g e t  a t  t h e  f irst  

instant   of   exposure was made t o  vary  between 1.5 and 60 min. o f   a r c  ( r e f .  70).  
The function  derived  from  the  experimental   data,   showing  the  threshold angu- 

l a r  increment  required as a func t ion   o f   i n i t i a l   sub tended   ang le  was approxi- 

mately 8% f o r  small i n i t i a l   a n g l e s  (1.5 min. o f   a r c )  and 2% a t  l a r g e   i n i t i a l  

angles (60 min. of   a rc ) ,   wi th  a continuous  curve  connecting  these two poin ts .  

Thus f o r  small visual   angles ,   the   requirement   of  a minimum visua l   angle   incre-  

ment  was determining;   for   larger  visual angles,   the  percentage  requirement 
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gradually  took over.. There was  evidence of a break i n   t h e   c u r v e  at about  the 

1 2  min. po in t  on the   curve ,   sugges t ing   to   the   au thors   the   opera t ion   of  two 

separate  mechanisms in   the   response   sys tem.  

Baker  and  Steedman were thus   ab le   t o   de r ive   quan t i t a t ive  data f o r  

r ep resen t ing   t he   ab i l i t y   o f   sub jec t s   t o   de t ec t  movement i n  range,  presumably 

on t h e   b a s i s  of d e t e c t i o n  of  visual-angle  increments;   but it i s  not  obvious 

how spec i f i ca t ion   i n   such   t h re sho ld  terms can  be  converted t o  the  spec i f i ca -  

t i o n   o f   v e l o c i t i e s ,  as required  for  rendezvous  operations.  It is a t a s k   f o r  

f u t u r e  development t o  determine  whether  information  of  this  kind  can  be ob- 

ta ined.  A s  an i n i t i a l   g o a l ,  it would be of   interest   to   design  experiments  

wi th  t h e   o b j e c t i v e  of obtaining  error-data  such as w a s  obtained i n   t h e   l o n g  

range  invest igat ions  of   absolute   dis tance  percept ion.  Two procedures  suggest 

themselves: *(l) t r a i n i n g   p r o c e d u r e s   l e a d i n g   t o   t e s t s   o f   t h e   a b i l i t y   t o   e s t i -  

mate v e l o c i t i e s   i n   r a n g e ,   i n  T t .  per  sec.  or t h e   l i k e ;  and ( 2 )  matching  pro- 

cedures  analogous  to  those  used  by  the Ames group fo r   ob ta in ing  numbers t o  

a t tach   to   percept ions   o f  movement i n  range. 

Perception of simulated movements i n  range. - The e a r l i e s t   i n v e s t i -  

gat ions  of   percept ions  of  movements i n  range were reported  from  Metagerls 

l a b o r a t o r y   a t   t h e   U n i v e r s i t y  of B e r l i n   i n  1934, i n   t h e   s e t t i n g  o f  Ges t a l t  

psychology.  There i s  one  paper by  Metager himself on t h e   e f f e c t   o f  shadows 

changing i n   s i z e  and  shape i n  producing  the  appearance  of movements i n   d e p t h  

( r e f .  55 ), and t h e   r e p o r t  of   an  extensive  invest igat ion by Calavrezo  ( ref .  

1 2 )  on the   e f fec t   o f   var ious   parameters   on   the   percept ion   of   apparent  move- 

ment i n  depth  produced  by  the  stroboscopic  presentation  of  st imuli   of d i f -  

f e r e n t   s i z e  and  shapes.   Calavrezofs   invest igat ion must thus  be  considered 

t h e  first s y s t e m a t i c   i n v e s t i g a t i o n   i n   t h i s   f i e l d .  About 20 y e a r s   l a t e r ,  

I t t e l s o n   r e p o r t e d   h i s   i n v e s t i g a t i o n   o f  radial  movement, the  term  he  used  to 

designate   apparent  movement along  an axis or  radius  extending  from  the  sub- 

j e c t   t o   t h e   p e r c e i v e d   o b j e c t   ( r e f .  47 ) .  

I n   a d d i t i o n   t o   t h e  experiment, r epor t ed   i n   t he   p rev ious   s ec t ion ,  

I t t e l son   des igned   exper iments   to   t es t   the   hypothes is   tha t  Itassumed s i z e t t  
ac t s   i n t eg ra t ive ly   w i th   changes   i n   v i sua l   ang le   t o   con t ro l   t he   appa ren t   d i s -  

tance  of an ob jec t  which  appears t o  be moving i n  depth. It was found t h a t  

d i f f e r e n c e s   i n   t h e  Ilassumed s i z e "  of a tes t -objec t ,   b rought   about   by   d i f fe r -  
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ences i n   t h e   v i s u a l   p a t t e r n ,  were e f f e c t i v e   i n   e l i c i t i n g  changes i n   t h e   a p p a r -  

en t   d i s t ance  of the  object ,   even when it was simultaneously  undergoing  appar- 

e n t  movement i n  range  due  to  continuous  changes i n  visual angle.  The r e s u l t s  

were i n t e r p r e t e d  as l end ing   add i t iona l   suppor t   t o   t he   t hes i s   t ha t  assumed 

s i z e  was an   impor tan t   coopera t ing   fac tor   in   the   media t ion   of   apparent   d i s -  

tance by visual   angle   cues .  

The s tudies   of   Smith ( r e f .  67, 68, 69) were  concerned  with  the de- 

t e rmina t ion   o f   t he   s ens i t i v i ty   o f   t he   pe rcep t ion   o f   " appa ren t  movement i n  

depth"  to a  number of   var iables .  The technique  adopted f o r  producing  per- 

cept ions  of   apparent  movement i n  depth was tha t   o f   changing   the  s ize  o f  a 

s t imulus-objec t   (an   equi la te ra l   t r iang1e) loca ted  a t  a f ixed   d i s t ance  from 

the   sub jec t .  The rate of  change  of s i z e  (as  given  by  the  angle  subtended 

a t   t h e  eye  by  one  s ide  of   the   t r iangle)  was n o t   t r e a t e d  as an  independent 

var iab le .  It was a c o n s t a n t   i n  all experiments. 

The sens i t i v i ty   o f   t he   obse rve r   t o   t he   pe rcep t ion   o f   appa ren t  move- 

ment i n   d e p t h  was measured  by h i s   r e a c t i o n  time. A shor te r   reac t ion   t ime 

was regarded as i n d i c a t i n g   a n   i n c r e a s e   i n   s e n s i t i v i t y .  The sbservers  were 

asked   to   repor t   the  first i n s t a n t  a t  which movement o f   t h e   o b j e c t   i n   d e p t h  

was seen. The i n d e p e n d e n t   v a r i a b l e s   i n v e s t i g a t e d   f o r   t h e i r   e f f e c t  on sens i -  

t i v i t y   ( i . e . y  on   reac t ion  time) were cond i t ions   t ha t  might o rd ina r i ly   be  

designated as parameters:   the  "property of  movement" ( i .  e. assoc ia ted  

meanings);   the  tr i-dimensionality  of  the  object;   the  viewing  procedure (mono- 

c u l a r  vs. b inocu la r ) ;   t he   b r igh tness  of t h e   o b j e c t ,   a s  measured i n   u n i t s  o f  

luminance;  and i t s  apparent   s ize ,  as measured  by  supplementary  matching  pro- 

cedures. 

The au thors   conc luded   tha t   sens i t iv i ty   to   the   percept ion   of   appar -  

en t  movement i n   d e p t h  was: (I) i nc reased   by   i nc reases   i n   t he   b r igh tness   o f  

t he   v i sua l   t a rge t ,   and  ( 2 )  by  the  use  of   binocular   vis ion as compared with 

monocular  vision. The o t h e r   c h a r a c t e r i s t i c s   t r e a t e d  as independent  variables 

were not  found t o  have a s i g n i f i c a n t   e f f e c t   o n   s e n s i t i v i t y .  
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Brightness as a  Cue  to  Range  Information 

Because  the  inverse  square  law  operates  in  space  for  point  source 
targets it  is  possible  to  derive  information  concerning  range,  and  perhaps 
range  rate,  from  changes  in  the  apparent  brightness of a  target  such as a 
spacecraft  beacon. For a  constant  source,  brightness  is  sytematically re- 
lated  to  range. 

Absolute  Range  Judgements - By  making  estimates of absolute  brightness 
it  may  be  possible  to  derive  judgements of absolute  range.  Taylor  (ref. 73) 
describes  a  technique  whereby  absolute  estimates of range  could  be  derived  by 
comparing  the  target  with  a  standard,  using  a  simple  device  for  maintaining 
the  level of adapatation  relatively  constant. In the  space  situation  matches 
between  the  target  and  stars of known magnitudes  can  yield  absolute  range  values 
with  a  minimum of additional  computation.  The  astronauts  have  reported  their 
observations of spacecraft  beacons  by  stating  that  these  beacons  appeared  as 
bright  as  specific  stars of known magnitude.  The  accuracy  and  resolution of 
these  matches  is  not known but  could  be  calulated from flight  data. 

Wienke  (ref. 79) performed  a  study  to  assess  the  capability of ob- 
servers  to  make  absolute  judgements of luminance  with  the  eye  in  a  relatively 
constant  state of dark  adapatation.  Observers  were  required  to  assign  the 
correct  designation  to  one of five  stimuli.  Over  the  range of stellar  mag- 
nitudes  from 2.30 to 5.33 he  reports  absolute  discriminations  could  be  made 
with  almost 100 percent  reliability  if  the  stimuli  were  separated  by  approx- 
imately 1.40 stellar  magnitude.  These  data  indicate  that  judgements of 
absolute  brightness  are  at  best  rather  crude  and of little  utility  as  a  means 
of estimating  range. A technique  which  uses  comparison  stimuli  would  appear 
to  be  superior. 

- Brightness  discrimination - Brightness  thresholds  can  be  used  as  a 
basis  for  judging  range at two  sucessive  instances  in  time  for  estimating  the 
range  difference, or the  perception of a  changing  brightness  can  be  direct. 
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The  available  literature  on  thresholds  for  brightness  discrimina- 

tion  is  also of little  value  in  establishing  either  the  specific  values or 
even  the  range of values for parameters  to  be  investigated.  This  situation 
results, in  part,  from  the  common  concern  with  relatively  large  fields  rather 

than  with  a  point  source  as  used in the  present  beacon  simulation. As 
Geldard  (ref. 2 5 )  has  reported,  the  effect of field  size  is  critical  since 
differential  thresholds  for  small  sources  are  considerably  greater  than  com- 

parable  thresholds for extended  sources.  Many  studies  have  employed  simul- 
taneous  rather  than  successive  presentation of test  and  comparison  fields. 
In addition  values  presented  for  judgement  are  generally  held  fixed. As a 

consequence,  generalizations  from  typical  studies  are  inappropriate  for 
judging  range  in  a  dynamic  situation. 

The  effect of rate of brightness  change  has  been  investigated  by 

Drew  (ref. 19) whose  conslusion  that  differential  thresholds  increase  with 
decreasing  rates of change  is in direct  contrast  with  results  reported  by 

Connors (ref. 15). 

In Connors experiment  the  discrimination of. brightness  differences 

was  studied  in  relation  to  the  rate of brightness  change  and  the  initial  level 

of brightness of a  point  source. A constant  rate of one  flash  per  second 
and an "on"  time of 10 percent  were  employed. As previously  suggested, re- 

sults  showed  that  the  slower  rates of change in  fact  produced  lower  thresholds. 

The  results of a  study  performed  under  the  present  contract  (ref. 5) 
indicated  that  the  thresholds  for  brightness  increase  were  positively  re- 

lated  to  the  rate  at  which  the  brightness of the  beacon  increased. In this 
respect  the  results  are  in  exact  agreement  with  those  previously  reported  by 

Connors (ref. 15), who  concentrated, in her  investigation, on higher  rates of 
of brightness  change  extending  to  approximately 200 times  the  lower  limit of 

the  present  experiment. The  same  type of relationship  between  rate of bright- 

ness  change  and  discrimination  thresholds  has  been  found  to  hold  over  a  range 

of  rates of brightness  increase of some 200 to  one.  Although  subjects  re- 

quired  more  time  to  discriminate  brightness  changes  when  the  rate of change 

was  slow,  the  actual  increase  in  brightness  was  lower  for  those  slower  rates. 
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The  obtained  data  indicated  that  thresholds  obtained  in  the  present 
study  were of a  magnitude  far  greater  than  those  typically  encountered in the 
literature on brightness  discrimination. 

Geldard  (ref. 2 5 )  reports  differential  thresholds  that run from 
approximately -2.0 to 0.0 log  units. For the  rate of brightness  increase 
and  initial  brightness  level  most  closely  resembling  those  used  in  the  present 
study, Connors (ref. 15)  found  a  median  differential  threshold of .279 log 
units  compared  with  the .451 obtained in this  experiment. 

These  differences  may  be  due  to  procedural  effects.  The  conserva- 
tive  procedures  employed  by  us  were  chosen  to  reduce  the  variability  in 
judgment  which  was  anticipated  for  this  rather  ambiguous  task. In addition, 
for  practical  purposes,  it  was  desired  to  obtain  limiting  rather  than  optimistic 
estimates of  the capability of humans  for  making  the  type of judgments  in- 
volved. 

A less  prominent,  but  statistically  significant  relationship  was 
also  found  between  initial  level of beacon  illuminance  and  discrimination 
thresholds. The higher  the  initial  illuminance,  the  shorter  the  discrimina- 
tion  time.  Thus,  to  reduce  the  time  required  to  discriminate  brightness 
increases,  provide  a  beacon  with as  high  an  luminance  as  is  consistent  with 
other  design  constraints. In the  present  experiment,  a  nearly  ninefold  in- 

crease in initial  beacon  luminance  produced  a 32 per  cent  reduction  in  the 
mean  time  required  to  discriminate  an  increase  in  brightness.  Several 

reports  suggested  that  flash  rate  and  flash  duration  were  relatively  unimport- 
ant  with  regard  to  the  initial  detection of flashing  beacons.  Over  the 
ranges  studied,  the  results of the  present  study  indicate  that  these  same 
variables  are  also  unimportant  for  the  discrimination of increases  in  the 
brightness of flashing  beacons. 

In the  study  we  conducted  observers  were  asked  to  describe  the 
criteria  they  had  developed  for  making  consistent  judgements of increased 
brightness.  Although  nine  different  techniques  were  reported only two  were 
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1. Increase in brightness of beacon  relative  to  brightness 

of dots  in  adaptation  field  (which  could  represent  stars) 

2. Increase  in  the  length of "rays"  emitted  by  the  beacon 

The  observer's  preference  for  relative  judgments  is  obvious,  although  this 

preference  was  certainly  expressed in a  variety of ways. 
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VISUAL AIDS FOR SPACE NAVIGATION 

This   sec t ion   conta ins   b r ie f   descr ip t ions   o f   those   devices  which may 

be employed i n  visual space  navigation and other   space  observat ion  tasks .  

Instruments   for   observat ions on p l ane ta ry   su r f aces  are a l s o  discussed. 

Windows  may a l so  be  considered as instruments.  However, no discus- 

sions  of windows i s  provided  here  since windows are d i s c u s s e d   i n   d e t a i l  

elsewhere i n   t h i s   r e p o r t .   V i s o r s   a r e  a l so  not   d i scussed ,   except   in   re la t ion  

to   spec i f i c   i n s t rumen t s .  

Not all the  devices   discussed  are   present ly   avai lable   or   contemplated 

for   space  use.  However, all which are   included  here  are considered  to  have 

p o t e n t i a l   f o r   s p a c e   u s e  and  worthy  of f u r t h e r   i n v e s t i g a t i o n .  Many of   the  de- 

v i ces  and visual   factors   descr ibed  have  been  s tudied  extensively  but   are   in-  

cluded  here i n   o r d e r   t o   p r o v i d e  as comprehensive a l i s t  as possible,   al though 

the  l i s t  i s  by no means  complete,  and to   s t imu la t e   fu r the r   t hose  who  may not 

be familiar with  such  devices. 

Telescopes. - Severa l   t e l e scopes   a r e   ca l l ed   fo r   i n   p re sen t   space   p ro -  

grams.  The Apollo  Scanning  Telescope i s  a n   i n t e g r a l l y  mounted, servo  driven 

te lescope which i s  used in   t rack ing   naviga t iona l   l andmarks  and as a view 

f inder   for   the  Apollo  Sextant .  The te lescope  provides  no magnification  but 

has a s ix ty   degree   f ie ld   o f   v iew and a pa i r   o f   c ros sha i r s  which may be  aligned 

with a star or  landmark. A s  a view  finder,   the  task  involved is  t o   l a y   t h e  

c ros sha i r s  on a star wi th   suf f ic ien t   accuracy   to   b r ing   the   sex tan t ,  which i s  

s laved   to   the   t e lescope  axis and has a one  degree  f ie ld ,   in to   play.  Manipu- 

l a t i o n   o f  t h e  te lescope i s  by means of hand operated  servo  controls.  ( A l -  

though it may a l so  be  computer  controlled.)  In  landmark  tracking,  the  cross- 

hairs a re   p laced  on t h e  landmark  and  computer based information i s  used   to  

track  the  landmark  automatically.  However, the  computed data may be  in-  

accurate and  cause d r i f t .  The computer da t a  is  then  updated whenever t he  

a s t ronau t   co r rec t s   t he   t r ack ing   r a t e   t o   e l imina te   t he  drift of   the   c ross -  

hairs from  the  landmark. 

The Lunar  Excursion Module Alignment Optical   Telescope  a lso has a 

s i x t y   d e g r e e   f i e l d  and c rossha i r s .  However, it i s  not  servo  operated  and 

can  only  be  aimed i n   t h r e e   d i s c r e t e   d i r e c t i o n s .   I n   a d d i t i o n   t o   t h e   c r o s s -  

123 



h a i r   r e t i c l e ,  it a l so   has  a s p i r a l   r e t i c l e .   T h i s  makes a s i n g l e   t u r n  and 

o r i g i n a t e s  a t  t h e   c e n t e r   o f   t h e   f i e l d  and t e rmina te s   a t   t he   edge  of the  

f i e l d .  Thus, when the  Lunar Module i s  s i t t i n g  on  the  surface,   the   crew  can 

make  a star s i g h t i n g  by r o t a t i n g   t h e   c r o s s h a i r  and s p i r a l   r e t i c l e  so  t h a t  

t h e   s p i r a l  and one   o f   t he   c ros sha i r s   i n t e r sec t  a t  t h e  star. 

Another  telescope  of  note i s  planned for   use  with  the  Apollo Teles- 

cope Mount for   orbi ta l   as t ronomical   observat ion  such  as   in   hel iography.  

Here, observat ions will be made wi th   the   use   o f   h igh   reso lu t ion   te lev is ion  

monitors   within  the  spacecraf t .  

An addi t ional   type  of   te lescope i s  the  Lunar Module Docking Re t i c l e .  

This i s  mounted and  aimed through  the   ce i l ing  above t h e   a s t r o n a u t ' s  head and 

the re fo re   r equ i r e s  him t o  bend h i s  head  backward to   see  through it  i n   o r d e r  

t o  dock the  Lunar Module with  the  Apollo Command Module. Crossha i rs   a re  

provided which  must be  aligned,  by  posit ioning  the  Lunar Module i t s e l f ,   w i t h  

a t a rge t   on   t he  Command Module, b o t h   i n   r o t a t i o n  and t r a n s l a t i o n .  

Te lescopic   d r i f tmeters  may a l s o  be   cons idered   for   fu ture   spacecraf t .  

These  provide a g r i d   o f   p a r a l l e l   l i n e s  which  must  be  aligned  with  the  appar- 

ent   s t reaming  of   the  planetary  surface  as   the  vehicle   orbi ts .  

Periscopes.  - A t  t h i s   w r i t i n g ,  no per iscopes are known to  be contem- 

p la ted   in   p resent ly   p lanned   space   vehic les .  One was used i n   t h e  Mercury 

capsule.  One per iscope which has  been  proposed would pe rmi t   t he   en t i r e  

p lane tary   hor izon   to   be  viewed a t  once and  compared with a c i r c u l a r   r e t i c l e .  

Once these   a r e  made c o n c e n t r i c ,   t h e   d i r e c t i o n   o f   t h e   l o c a l   v e r t i c a l  i s  es-  

tab l i shed .  The a l t i t u d e  i s  also  obtained i f  the  apparent   diameters   are  

i d e n t i c a l  and t h e   s i z e   o f   t h e   c i r c u l a r   r e t i c l e  i s  known.  The proposed  con- 

cept  would include  expanding  the  horizon  port ion  of   the image,  by o p t i c a l l y  

removing o r  compress ing   t he   cen t r a l   po r t ion   o f   t he   f i e ld ,   t o   exagge ra t e  

horizon movement. Other   per iscopes have  been  proposed f o r   u s e   i n   d r i v i n g  

lunar   vehic les .  

Sextants .  - Some v a r i a t i o n  of the  marine  sextant  will probably  be 

ca r r i ed  on  most  space  missions, a t   l e a s t   f o r  backup  navigation  requirements. 

use  of  the common sextant involves   the   superpos i t ion   o f  two ob jec t  images, 

u sua l ly  a star and a landmark. The image o f  the  landmark i s  usual ly   seen 

124 



d i rec t ly   t h rough  a p a r t i a l   m i r r o r .  The star i s  seen as a r e f l e c t i o n  from 

t h e   p a r t i a l   m i r r o r .  An auxiliary mirror  is  genera l ly   used   to  direct t h e  

l i g h t  from t h e  star t o   t h e   p a r t i a l   m i r r o r .  The angle  of  the auxiliary 

mirror  is v a r i e d   t o   a l i g n   t h e  two images  and  measured to   ob ta in   the   reading .  

Magnification  of  the  images may be  provided. 

The Apollo Command Module Sextant i s  understood  to   be  not  a sex tan t  

b u t   a c t u a l l y  a servo  driven, 28 power te lescope.  It is apparently  used  by 

aiming it a t  one  object,   reading  the  angle  of  regard  with  respect  to  one 

vehic le   ax is  and then   repea t ing   the   p rocess   wi th   another   ob jec t .  The two 

angles must then  be  added. It i s  mounted integral ly   with  the  Apollo  Scan-  

ning  Telescope  and i s  con t ro l l ed   t oge the r  with the  Scanning  Telescope. 

RanRefinders. - Plans   t o  employ rangef inders   in   space   a re   no t  known 

a t   the   p resent   t ime.   There   a re   four   types   o f   op t ica l   rangef inders :  The s p l i t  

image, the  dual   image,   the   s tereo and the  s tadiometr ic .  

The s p l i t  image rangefinder   involves  two mir rors   separa ted  by  a known 

dis tance.  One mi r ro r  masks out  half   the  scene  seen  by  the  eye  and  also  re- 

f l e c t s   t h e   l i g h t   t r a n s m i t t e d  from t h e   o t h e r   m i r r o r   ( a s   i n  a per iscope)   to  

complete  the  scene. The angle  of one  of the mirrors  i s  va r i ed   t o  make t h e  

upper  or  lower  half   of  the  scene,  seen  directly,   match  the  other h a l f ,  seen 

via the  mirrors .  

The dual  image type i s  similar t o   t h e   s p l i t  image type  except   that  

a p a r t i a l l y   r e f l e c t i n g   m i r r o r   r e p l a c e s   t h e   h a l f   m i r r o r .  Thus,  two  whole 

images are   seen,  a s teady image  and  a  movable  image, un t i l   t hey   a r e   b rough t  

into  coincidence by varying  the  mirror  angle.  

Stereo  rangefinders   are   considerably more complex and r equ i r e   t he  

s imultaneous  use  of   both  eyes .   Opt ical   t r icks   are  employed within  the  range- 

f inder   l ens   sys tem  to   cause   the   eye   to   perce ive  a p a t t e r n e d   r e t i c l e  as being 

a t  t h e  same range as, o r  a t  a grea te r   o r   l esser   range   than ,   the   t a rge t   th rough 

s t e r e o p s i s .  

S tad iometr ic   rangef inders   d i f fe r   f rom  the   p receding   types   in  t h a t  

the   he ight   (or   o ther   d imens ion)   o f   the   t a rge t  must  be known.  The angle  sub- 

tended a t  the  eye i s  then  measured  with  the  stadiometer,  which i s  a c t u a l l y  a 

spec ia l ly   des igned   sex tan t ,  which provides a d i r ec t   r ead ing   i n   r ange .  Gener- 

a l l y ,  however, t h e  two images of t h e   o b j e c t  are not  superimposed, as i n  a 

125 



sextan t  or dual  image  rangefinder,   but are "stacked" so t h a t   t h e  edge of one 

image i s  ju s t   t ouch ing   t he   oppos i t e  edge  of t h e   o t h e r ,   i n   t h e   d i r e c t i o n   o f  

t h e  known dimension. 

Binoculars.  - Binoculars may be  used  on  space  missions. If used, 

they   a re  most l i ke ly   t o   be   u sed   on   exp lo ra to ry   ex t r aveh icu la r   su r f ace  mis- 

s ions  by helmeted  astronauts.  Hand te lescopes  are a l s o  a p o s s i b i l i t y .  

Surveying  and  other  precise  observations will probably  be  conducted  from 

vehic le  mounted  equipment. 

Binocular viewers. - A type o f  binocular  viewer  has  been  proposed 

which permi ts   an   as t ronaut   to  see both a r e s e a u   ( o r   g r i d )  and the   ex te rna l  

scene a t  t h e  same time. Different   reseaux would be   ava i lab le  which  would 

permit: ('a) matching  the  curvature  of  the  horizon  to  determine  spacecraft  

a l t i t u d e   ( a n d   t h e   d i r e c t i o n   o f   t h e   l o c a l   v e r t i c a l )  ; ( 6 )  f ind ing   the   rad-  

i an t   po in t   (pe r spec t ive   o r ig in )  from  which all d i s t an t   ob jec t s   appea r   t o  

stream  due  to  spacecraft  motion;  (c)  taking  bearings  to  landmarks  from 

t h e   d i r e c t i o n  of  ground  track; and ( d )  t iming  the t rans i t  of  the  space- 

craft   over  landmarks.  The descr ipt ion  of   these  novel   techniques must be 

omi t t ed   he re   fo r   t he  sake of   brevi ty .  

Head's  up  displays. - These  displays  provide a r e t i c l e ,   o r   o t h e r  

information,  which  can  be  seen  superimposed  upon  the real  world a t  which 

t h e  crew member i s  looking.  Such a device  has  been  considered  for  the 

Apollo Command Module although i t s  purpose i s  not known a t  t h i s   w r i t i n g .  

Frequent ly ,   head 's   up  displays are obta ined   by   re f lec t ing  an image  from a 

cathode  ray  tube ( C R T )  o f f   o f   the   vehic le  window. Thus, when a computer 

driven  "blip"  from  the CRT i s  a l igned   wi th   the   t a rge t   by  moving the   vehic le ,  

t h e   p i l o t   h a s  aimed the   veh ic l e   co r rec t ly   fo r   t he   i n t ended   ac t ion ,   a s  de- 

termined  by  the  computer. 

Cathode  ray  tube (CRT) d isp lays .  - I n   a d d i t i o n   t o   t h e   h e a d ' s  up 

d isp lays ,   o ther  CRT type   d i sp lays  may be employed for   external   observa-  

t i ons .  These  might  be  derived  from  television,  low-light-level  television, 

i n f r a - r e d   t e l e v i s i o n  and synthe t ic   da ta .  The l a t t e r  might  be  obtained  by 
computer  and  combined wi th   the   t e lev ised   in format ion .  
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F i l m   s t r i p  aids. - These  might  be  used i n  conjunct ion  with  direct  

v i sua l   observa t ion  as a means of making est imates  of naviga t iona l   pos i t ion .  

They  might  comprise  photographs of t a r g e t  areas and serve as memory a i d s   i n  

f ind ing  unfamiliar areas. 

Embossed f i l m  s t r i p s .  - These  would  provide  miniature  relief maps 

of   the   des i red  area, as above. 

Fos te r ' s   eye .  - This  proposed  device i s  based upon t h e   p r i n c i p a l  

t h a t  two hemispheres,   one  half   the  radius of t he   o the r ,  demented  back-to- 

back,  provide a groundglass v i e w  of t h e   e x t e r n a l   f i e l d  upon the   sur face  of 

the   l a rger   sphere .  With a proper gr id ,  t h i s  surface  can  be  used  to  measure 

angular   re la t ionships   be tween  ob jec ts   in  t h e  angu la r   f i e ld .  
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CONCLUSIONS AND RECOMMENDATIONS 

To ask  for  conclusions  and recommendations  based on t h e   r e s u l t s   o f  

t he   e f fo r t   conduc ted   t o   da t e  i s  t o   a s k  f i r s t  for   an   ana lys i s   o f   the   suc-  

cesses   and   l imi ta t ions   o f   the   s tudy  i t s e l f .  

The effor t   might   be summarized by   the   paradoxica l   s ta tement   tha t  we 

have  dug  deep  and yet   only  scratched  the  surface.   Clear ly   there  i s  an  enor- 

mous mass o f   da t a .   In   t he   pa r t i cu la r   a r eas   s e l ec t ed   fo r   emphas i s ,  namely, 

the  physical   environment,   visual  sensit ivity,   motion  perception  and  distance- 

perception we have made a rather   comprehensive  survey  of   the  avai lable   data .  

This  survey  has  been  conducted  with  emphasis  on  the  practical   applications 

and l a c k s   t h e o r e t i c a l  framework,  and de ta i l ed   s c ru t iny   o f  more academic en- 

deavors. What we intended  to  provide,  and what we f e e l  we have  provided i s  

a da ta   base ,   an   ind ica t ion   of   re levant  phenomena,  and some i n s i g h t s   i n t o  

the  source  and  the  appl icat ion  of   the  data .  With some misgivings  due  to 

p r a c t i c a l   c o n s t r a i n t s  we must, a t  p re sen t ,   l eave   t he   po ten t i a l   u se r   t o   eva l -  

uate   the  re levancy of  these   da ta   to   spec i f ic   p roblems.  

I n   r e t r o s p e c t ,  when cons ide r ing   s ens i t i v i ty  and  cross  range  motion, 

we have e s s e n t i a l l y   l i m i t e d   t h i s   s u r v e y   t o   s e n s i n g   o f   p o i n t   s o u r c e   t a r g e t s  

against   fairly  uniform  backgrounds.   With  respect  to  range  determinations we 

f i n d  most da ta   dea ls   wi th   ex tended   ta rge ts .  The immediately  apparent  require- 

ment i s  to  consider  extended targets and  heterogeneous  backgrounds. We have 

pa id   on ly   cursory   a t ten t ion   to   the   na ture   o f   in format ion   sens ing   us ing   var -  

i o u s   o p t i c a l   a i d s .  We have  not  at tempted  to  operate  systematically upon t h e  

a v a i l a b l e   d a t a   i n   o r d e r   t o   d e r i v e  more genera l   re la t ionships .  The need for 
evaluat ion o f  pe r fo rmance   capab i l i t i e s   i n   u t i l i z ing   op t i ca l   dev ices  and 

visual  aids  has  only  been  mentioned. All of   these  things  should  be accom- 

p l i shed .  

Within  each  par t icular   area o f  i n v e s t i g a t i o n  we f i n d   t h e r e   a r e  

phenomena which are   inadequately  s tudied  f rom  the  point   of  a basic  under- 

standing o f  t h e  phenomena,  and i n  almost all areas we s e e   t h e  need f o r   t h e  

development of   techniques which  would make t h e   d a t a  more u s e f u l   i n   t h e  ap- 

p l i ed   s i t ua t ion .   Pe rhaps   t he   g rea t e s t   l imi t a t ion  i n  a l l  cases i s  t h e   l a c k  

of a s ing le   i n t eg ra t ed   t echn ique   fo r   eva lua t ing   t he   j o in t   e f f ec t s  of rele- 
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vant phenomena. 

One o f   t h e   g r e a t e s t   l i m i t a t i o n s   o n   t h e   o v e r a l l   a v a i l a b i l i t y   o f   i n f o r -  

mation i s  t h a t  most  of it i s  conducted  under s t a t i c   r a t h e r   t h a n  dynamic  con- 

di t ions.   Furthermore,   the   data  i s  typ ica l ly   ob ta ined   i n   i so l a t ion ,   w i th   on ly  

one,  two, or   th ree   fac tors   manipula ted   exper imenta l ly .  The subject   has  no 

o the r   t a sk   t han   t o  make t h e   p a r t i c u l a r  judgment c a l l e d   f o r .  Some allowances 

must be made f o r   t h e  stresses o f   t he   ope ra t iona l   s i t ua t ion .  

I n  a r e l a t ed   ve in  i s  t h e   f a c t   t h a t  complex, rather  than  simple  judg- 

ments a re   r equ i r ed   i n   p rac t i ce   bu t  are not  studied. Thus, as was pointed 

out   with  respect   to   range and cross  range  motion  cues,   the  practical   ques- 

t i o n  most f requent ly   involves  a complex  judgment  of  both  values  from a s i n -  

g l e   t a rge t ,   wh i l e   t he   l abo ra to ry   s tud ie s  treat of  each i n   i s o l a t i o n .  

While applicable  data  can  be  derived  from more o r   l e s s   c l a s s i c a l  ex- 

perimental  procedures i t  i s  only  through  simulation of the   opera t iona l   s i tu -  

a t ion   tha t   rea l i s t ic   es t imates   can   be   re l iab ly   ob ta ined .   These   s tud ies   o f ten  

do not   yield  general ly   appl icable   data   because  they  involve a combination  of 

condi t ions  represent ing a confounding of t h e   e f f e c t s  of a number of   var iab les .  

Basic   s tudies   can  of ten  serve  to   es tabl ish  rough  parametr ic   envelopes  deter-  

mining  the  range  of  conditions  which  should  be  tested  in  the  simulation  en- 

vironment. 

Wi th in   the   th ree   a reas  where a d e t a i l e d   i n v e s t i g a t i o n  w a s  conducted 

the  following  limitations  and  recommendations  are made: 

Physical  environment. - The r e f l e c t i n g   c h a r a c t e r i s t i c s  of  specular 

and d i f fuse   sur faces   i l lumina ted   by   co l l imated   l igh t   (e .g . ,   sunl ight )   re -  

mains   one   o f   the   l eas t   unders tood   aspec ts   o f   the   phys ica l   s i tua t ion .  It 

rep resen t s  one  of grea t   p rac t ica l   impor tance   in   def in ing   such   th ings   as  de- 

t e c t i o n   r a n g e s   a n d   v i s i b i l i t y  which a re   o f   obvious   s ign i f icance   in   p lanning  

mission  operations as well as vehicle  design. The s e l e c t i o n  of optimum 

coa t ing   cha rac t e r i s t i c s   fo r   va r ious   mi s s ion   s i t ua t ions   cou ld   be  a r e s u l t   o f  

t h i s   s t u d y .  

Once an  equation is  derived  descr ibing  i l luminance a t  the  eye  re- 

s u l t i n g  from  various  sources i n   t h e   v i s u a l   f i e l d ,  it seems a reasonable   s tep 

t o  conduct an e r ro r   ana lys i s   o f   t hese   equa t ions .  One could  evaluate,  much 

as i n  a guidance system, t h e   e f f e c t   o f   t h e   v a r i a b i l i t y   o r   e r r o r   i n   e a c h   p a r a -  
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meter as i t  a f f e c t s   t h e   a c c u r a c y  of t h e  judgment made r e l a t i v e   t o   t h e   i n c i -  

i l luminance. 

The ope ra t iona l   f l i gh t   da t a   t ha t   has   been   i nc luded  i s  o n l y   t h a t  which 

was a v a i l a b l e   i n   t h e  Gemini miss ion   repor t s .  It is, therefore ,   on ly  a small 

p a r t  o f  t he   ava i l ab le   da t a .  The p i l o t  and  mission  debrief ing  reports  are t h e  

only  complete   source  of   operat ional   f l ight  data. It i s  recommended tha t  they  

be studied  and combined with a more thorough  survey   of   the   opera t iona l   s i tu -  

a t i o n   i n  much t h e  same way as c o n v e n t i o n a l   f l i g h t   t e s t   d a t a  i s  t r e a t e d .  The 

r e su l t s   o f   such  a de ta i l ed   s tudy  would b e   t o   a c c u r a t e l y  asse'ss t h e   v a l i d i t y  

o f  t h e   a n a l y s i s  methods  presented, t o  validate design and opera t ion   dec is ions  

made on   the   bas i s   o f   convent iona l ly   acqui red   da ta ,   and   thus   to   p rovide  a 

sol id   basis   for   def ining  operat ional   procedures   and  performance  capabi l i ty  

envelopes   c r i t i ca l   to   sys tems  des ign .  

V i s u a l   s e n s i t i v i t y .  - The s e n s i t i v i t y   o f   t h e  eye i n   s t e a d y  s ta te  

i l luminat ions  can be f a i r ly   we l l   de f ined .   The re  i s  a cer ta in   degree  of i n -  

adequacy i n   t h e   d a t a   d e s c r i b i n g   c h a n g e s   i n   s e n s i t i v i t y   t o   i n t e r m e d i a t e   l e v e l  

o f   i l l u m i n a t i o n ,   p a r t i c u l a r l y   w i t h   r e s p e c t   t o   t h e   v a r i a t i o n   i n  rate of  

change i n   s e n s i t i v i t y  as a funct ion  of  t h e  p reced ing   s t a t e   o f   adap ta t ion  and 

the  exis t ing  ambient .  

There was no data which we found  dealing  systematically  with  the 

response  of t h e  eye t o  a series o f   i l l umina t ion   t r ans i en t s .  It would appear 

t h a t  methods of   analysis   such as are used i n   c o n t r o l  systems analysis   could 

b e   f r u i t f u l l y   a p p l i e d   t o   t h e  modeling  of  the  dark  adaptation  process where 

the   input   func t ions   cons is t   o f   non-per iodic   inputs   vary ing   in   ampl i tude ,  

duration  and waveform. 

We f i n d   t h a t   t h e r e  i s  no p rec i se   da t a   ava i l ab le   on   t he   i n f l i gh t  

cabin  i l luminat ion levels and  on a number o f   f l i g h t s  l i t t l e  a t t e n t i o n  was 

p a i d   t o   c a r e f u l l y   e s t a b l i s h i n g   a d a p t a t i o n   l e v e l s   f o r  optimum target   acqui-  

s i t ion .   In   p lanning   miss ions ,   a t ten t ion   should   be   pa id   to  the  v a r i a b i l i t y  

i n   i n d i v i d u a l   s e n s i t i v i t y  and  empirical  tes ts  on  the  as t ronaut   populat ion 

would probably  be  most  valuable. In   par t icu lar   adapta t ion   under   ambient  

ope ra t iona l   i l l umina t ion   cond i t ions   r equ i r e s   s tudy .  

Target   search  and  acquis i t ion,  as cu r ren t ly   r equ i r ed ,   occu r s   i n  

p r a c t i c a l   s i t u a t i o n s  wTth h ighly   t ra ined   observers  who  know where t o   l o o k .  
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Thus, e f f e c t i v e   c o n t r a s t  of t a r g e t  and  background become the   p r imary   de te r -  

minant   of   detect ion  range.   Empir ical   re la t ionships   in  this area are f a i r l y  

well defined. 

Cross  range  motion. - The problems of establishing  performance  capa- 

b i l i t i e s   w i t h   r e s p e c t   t o   t h e   d e t e c t i o n  and u t i l i za t ion   of   c ross   range   mot ion  

l i e  in   t he   r equ i r emen t   t o   spec i fy   t he   exp l i c i t   s t imu lus   cond i t ions  and  opera- 

t i o n a l   s i t u a t i o n s   i n  which the  requis i te   judgments  are t o   b e  made. Although 

a degree of consistency i s  e x h i b i t e d   i n   t h e   a v a i l a b l e   l i t e r a t u r e ,   t h e   c o n d i -  

t ions  under  which t h e  measurements are made appear   to   exerc ise  a major   effect  

on   the   th reshold   va lues .   Wi th   respec t   to   l ine   o f   s igh t   nu l l ing   t echniques ,  

the  most d i rec t ly   re levant   s tud ies   used   an   inadequate  number of   subjec ts  and 

permitted  lengthy  observation times. The l e v e l  of t r a i n i n g  of the   observer  

was a l so   unc lea r .   I n   ou r  judgment a more exac t   der iva t ion   of   opera t iona l ly  

r e a l i s t i c   v a l u e s   c a n  be obtained  through  establishment  of an adequa te   t e s t  

environment,  using  observers who a re   t r a ined   w i th   r e spec t   t o  s tar  p a t t e r n  

recogni t ion and operational  procedures.   Factors  such as adap ta t ion   l eve l s ,  

a c c u r a t e   s t a r f i e l d s ,  and t a r g e t   r a t e s  of  motion  must  be r e a l i s t i c a l l y  

st imulated.  

I n  emphasizing  the  need  to   accurately  recreate   the  probable   opera-  

t i o n a l   s i t u a t i o n  it should  be  c lear ly   recognized t h a t  l i t t l e ,  i f  any, data 

were  obtained  with  respect  to  simulation judgment of  t a rge t   mo t ion   r e l a t ive  

t o  more than  one  axis.  This area obviously  requires  consideration,  perhaps 

f irst  on the  basis  of  an  assumption  that   composite  motion  can  be  readily 

r e so lved   i n to   t he  two or   three  or thogonal   planes.  

Consider fu r the r   t ha t   a lmos t  a l l  experimental   data  involves  the 

s implest   form  of   s t ra ight   l ine   motion.  Very l i t t l e  has been  done  with res- 
pec t   t o   t a rge t   unde rgo ing   acce le ra t ion   o r   dece le ra t ion ,   o r   w i th  moving along 

t h e  complex re la t ive   mot ion   pa ths   typ ica l  of spacecraft  maneuvers. 

Range  and  range r a t e .  - Some o f   t he  most  marked l i m i t a t i o n s   i n   e x i s -  

t e n t   r e s e a r c h   l i e   i n   t h e  f i e ld  o f  the  absolute   percept ion of depth.  Verbal 

es t imates  of  absolu te   d i s tance   p rovide  a t r ans l a t ion   o f   v i sua l   pe rcep t ion  

i n t o  a number, a form of  repor t   read i ly   usable   in   rendezvous   cont ro l   opera-  

t ions.   There are, however, s e r i o u s   l i m i t a t i o n s   t o   t h e   d a t a   o b t a i n e d   i n   t h i s  
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form. (1) The estimates are subjec t  t o  l a rge   cons t an t  and v a r i a b l e   e r r o r s .  

But  there  has  been no systematic  work r e p o r t e d   i n  which t h e   p o s s i b i l i t y  o f  

decreas ing   these   e r rors   apprec iab ly   by   t ra in ing   and   observer -se lec t ion   has  

been  investigated.   There is  need, t h e r e f o r e ,   f o r   s t u d i e s  on i n d i v i d u a l   d i f -  

ferences  in   the  magni tude  of   these  errors   and  on  the  effect   of   t ra ining  pro-  

cedures. ( 2 )  The t a r g e t s  so far used  have  been  extended  sources.  Studies 

a r e  needed  of  sources  approximating  point-sources i n  appearance,  viewed i n  

a field  without  other  objects,   and  with  various  backgrounds  of  the  types 

t h a t  may occur i n  space  operations.  (3) The ranges  used  have  been  limited 

compared to   those  involved  in   rendezvous  operat ions.   Studies   are  needed 

a t   l a r g e r   r a n g e s   i n  empty f i e l d   s i t u a t i o n s .  But such  s tudies  do not seem 

feasible   except   by means o f  simulation  methods.  There i s  need the re fo re  

for es tab l i sh ing   the   va l id i ty   o f   s imula t ion   techniques   for   represent ing  

o b j e c t s   a t   l a r g e   r a n g e s .  (L) An a l t e r n a t i v e  method fo r   ob ta in ing  numbers 

to   r ep resen t   abso lu t e   d i s t ance  i s  through  the  use  of  the  psycho-physical 

method  of equivalents,   involving  distance-matching o r  comparisonfields.  

There i s  need,   therefore ,   to   determine  the  extent   to  which  comparison  pro- 

cedures,  such as have  already  been  used a t  sho r t   d i s t ances   i n   s tud ie s   o f  

t h e   r o l e  of   var ious  cues   to   depth,   can  be  implemented  a t   larger   dis tances .  

Such t r ans l a t ion   t o   l a rge r   r anges   sugges t s   t he   need   o f   op t i ca l ly   s imu la t ed  

distances  of  the  comparison-objects  by means of  techniques  such as s t e reos -  

copy o r  v i r t u a l  imagery. 

In   t he   f i e ld   o f   r e l a t ive   dep th -pe rcep t ion ,   t he re  i s  need f o r  compar- 

ative  data  on  the  magnitude  of  depth-thresholds when  two ob jec t s   a r e   p re -  

sen ted   success ive ly   in   t ime  ra ther   than   s imul taneous ly .   In   the   typ ica l   in -  

vest igat ion  of   re la t ive  depth-percept ion,   s imultaneous  presentat ion of 

s t imulus-objects  i s  used. I n  rendezvous  operations,  however, da ta   ob ta ined  

from successive  comparisons may be more appropr ia te ,   s ince   the   as t ronaut  

observing a s ingle   spacecraf t  i s  i n  a p o s i t i o n   t o  make r e l a t i v e  judgments 

of   dis tance  only  on  the  basis   of   successive views of   the   o ther   vehic le .  

The e f f e c t   o f   t e m p o r a l l y   d i s c r e t e   v i s u a l   f i e l d s  as compared with  continu- 

ously  changing  f ie lds   on  difference  thresholds   a lso  needs  invest igat ion.  

I n  any s i t u a t i o n   i n  which two o b j e c t s  are compared, e i t h e r  i n  suc- 

cessive  or   in   s imultaneous  comparisons,   constant   errors  known as space and 
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t ime-errors may be  involved.  Although  such  errors  have  occasionally  been 

invoked as of fer ing   poss ib le   explana t ions   o f   puzz l ing  results, the re   has  

been no sys temat ic   inves t iga t ion  of t h e   e x t e n t   t o  which  such e r r o r s  may be 

involved i n   e r r o r s  of over-and  under-estimation. I n  rendezvous  operations, 

t h e r e  will probably  not   be  suff ic ient  time t o   u t i l i z e   t h e   c l a s s i c a l  psycho- 

physical   methods  for   e l iminat ing  such  errors .  Some previous  exploratory 

work of  the writer i n d i c a t e d   t h a t   t h e r e   a r e   l a r g e   i n d i v i d u a l   d i f f e r e n c e s   i n  

such  errors ;   hence  the  need  for   es tabl ishing  their   magni tude  and  consis tency 

f o r  a given  observer. 

The inves t iga t ions   o f   r e l a t ive   dep th -pe rcep t ion ,   based   on   d i sc re t e  

success ive   p resenta t ions   o f  a g iven   f i e ld   o f  view,  merges  with t h a t  of  per- 

ceived movements i n  range, which involves  the  perception  of  continuous 

change.  Ohly a beginning  has  been made i n   t h i s   f i e l d ,   w i t h  judgments  of  ob- 

s e rve r s   l imi t ed   t o   pe rcep t ions   o f   d i r ec t ion   o f  movement, and  of  the phenomeno- 

l o g i c a l   s i m i l a r i t y   o f  movements generated  by  different  techniques.  To pro- 

vide data more d i r e c t l y   u s a b l e   i n  rendezvous  operations,  information  concern- 

i ng   t he   ve loc i ty   o f  movements perceived i s  des i r ab le .  The whole gamut of 

poss ib le   inves t iga t ion   of   percept ions   o f   ve loc i ty ,   and   of   the   poss ib i l i ty   o f  

ob ta in ing   numer ica l   spec i f ica t ion   of   ve loc i t ies ,  i s  therefore  needed. Some 

examples  of  key  problems, as yet  unexplored,  are: (1) Determine  difference- 

thresholds  for percept ion  of  the  veloci ty   of  movement i n  range, i n   a d d i t i o n  

to   s t imu lus - th re sho lds ,   fo r   each   o f   t he   e f f ec t ive   cues ,   i n   i so l a t ion  and i n  

combination, a t  var ious  ranges;  ( 2 )  Determine  constant  and  variable  errors 

in   es t imates   o f   ve loc i ty ,   fo l lowing   an   appropr ia te   per iod   of   t ra in ing;  ( 3 )  
Determine t h e   f e a s i b i l i t y   o f   o b t a i n i n g  measurements  of t h e   v e l o c i t y   o f  move- 

ments i n  range  on  the basis of  equivalence-methods, i n  which  an unknown 

ve loc i ty  i s  compared, by way of  perception,  with known ve loc i t i e s   ad jus t ed  

to   perceptual   equivalence.  The r e s u l t s  of s tud ies   such  as these  should  per-  

m i t  u s   t o   a s ses s   t he   poss ib i l i t y   o f   ex t r ac t ing   ve loc i ty   i n fo rma t ion  from 

d i r ec t   v i sua l   pe rcep t ion ,  and t h e   e x t e n t   t o  which o p t i c a l   a i d s ,  or d i r e c t  

physical  measurement i s  e s s e n t i a l .  
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TABLE I 

FLANCE OF PARAMETERS FOR 
SELECTED  GUIDANCE SCHEMES 

1 Distance Zone 

1. Long range 
(500 t o  20  
n.mi.) 

I 

2. Medium range 
(50 t o  2 n.mi.) 

Short   range 1 3 *  ( 5  n.m. t o  
100 f t . )  

I 

Parameter 

R ,  range t o  t a r g e t  

R,  range-rate 

a, elevat ion  angle   of  
l ine-of-s ight  

P ,  azimuth  angle  of  l ine- 
of  -sight 

a, e leva t ion   angular  rate 

b ,  azimuth  angular rate o f  

of L-0-s 

L -0 -s 

R ,  

A, 
a, 

P ,  
b, 

P ,  
" 

R, 

R ,  

a, 

P ,  
b, 

P ,  

Range of  Parameter 

500 t o  20 n.miles 

2000 t o  100 f t / s e c  

-30 t o  30 degrees 

-5 t o  5 degrees 

-0.5 t o  0.5 deg/sec 

-0.5 t o  0.5 deg/sec 

50 t o  2 n.miles 

500 t o  20 f t / s e c  

- 0 t o  60 degrees 

-30 t o  +3O degrees 

-0.5 t o  0.5 deg/sec 

-0.5 t o  0.5 deg/sec 

+ 

5 nm t o  100 f t .  

100 t o  0 f t / s ec  

- 90 t o  - 180 deg 

- 20  t o  - 90 deg 

- 1 t o  - 10 deg/sec 

- 1 t o  - 10 deg/sec 

+ 
+ + 

+ 

+ + 
+ + 
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Table II 

EQUATIONS OF "ION* 

Guidance Scheme #l: 

Guidance Scheme #2: 

where : 

R = r e l a t i v e   d i s t a n c e  between t a r g e t  and  chaser 

w = ea r th   ro t a t ion   f r equency  

Rt = t a r g e t   d i s t a n c e  from o r b i t   c e n t e r  

pt  = chaser   d i s tance   f rom  ta rge t   o rb i t   cen ter  

8 = l oca l   ang le  of c h a s e r   w i t h   r e s p e c t   t o   l o c a l   h o r i z o n t a l   t h r u   t a r g e t  

u = i n i t i a l u  

p = grav i t a t iona l   cons t an t  

t = time 

Tn 
m = chaser mass 

e 

0 

= thrust vec to r  + t o  R 

C 

I 

*&om reference (20). 
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- 
No. 

- 

1 

2 

3 

4 

5 

6 

7 

8 

TABLE I11 

TECHNIQUES FOR OBTAINING SELECTED  GUIDANCE  PARAMETERS 

Ref. 

1. 

2. 

3.  

4. 
5. 

1. 

1. 

2. 

1. 

2. 

1. 

1. 

1. 

1. 

Align  chaser so t h r u s t   v e c t o r  i s  per- 
pendicular   to  L-0-S ( l i n e  of s i g h t ) .  

Note two readings  of L-0-S ang le   fo r  
a 10 second  in te rva l .  

Apply known t h r u s t   a c c e l e r a t i o n   t o  
a r r e s t  L a - S  rate. 

Note th rus t   t ime  and f i n a l  L-O-S angle. 
Calculate  R and R from  formulas. 

Count number o f   v i sua l ly   de t ec t ab le  
l i g h t   p u l s e s  from t a r g e t  (known sequence 
of   pu lses ) .  

Take range  measurements a t  noted  time 
i n t e r v a l s .  

Approximate R as " AR , average 
over  several   samples.  

Poin t   vehic le  s o  it i s  boresighted  on 
t a r g e t ,  

Read angles   f rom  iner t ia l   8 -ba l l   o r  I M U  
r e fe renced   t o   i ne r t i a l   coo rd ina te s .  

Read angle from t a r g e t   t o  known stars 
with  sextant .  

Read angles  from t a rge t   t o   ho r i zon   w i th  
sex tan t  o r  window r e t i c l e .  

Using Q , P data  from above tech- 
niques,  approximate , p as AX 

A t  

. 
At 

% *  
- 

Null  apparent  motion  against stars. 
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TULE I V  - TYPICAL BACKGROUND LUMINANCE 
SOURCES AND THEIR  LUMINANCE^ 

" 

Background ~ ~ ~~ Lum+nance Source - 

Zenith sky Q night   w/ful l  
moon 

Rvg. nighttime sky away 
from milky way 

F u l l   e a r t h   ( s u n l i t )  

Ful l   ea r th   (moonl i t )  

gindow  luminance ( - 1%) 
s c a t t e r  

s u n l i t  

e a r t h l i t  

moonlit 

Spacecraft  Corona  (Avg) 
( s o l a r  illum. ) 

Cabin l i g h t s  

Earth  Airglow 
"" 

Information 
Source 

Huch & Ney 

Huch & Ney 

Connors 

Connors 

Huch & Ney 

Connors 

Huch & Ney 

Schmidt 

Schmidt 

a-Values a r e   f o r  100%' probabi l i ty   o f   de tec  
l igh t   aga ins t   the   g iven   background.  

Background 
Luminance - 

2.34( 10) -5ft .L 

5. o( l o )  f t . L  3 

5.0(10)-3ft.L 

1.26( l o )  2f t  .L 

5 . 0 ( l O ) l f t . L  

1.26( lo) -4ft .L 

1.0-2.0(10)1 
f t  .L. 

ion   o f  a 

Threshold 
Illuminance 

2.8(10)-' - lum 
2 m 

3.0( 10) 
2 m 

2 . 2 ( 1 0 ) 4  lum 
2 m 

1 . 8 ( 1 0 ) - ~  lum 
2 m 

1.0(10)-8 - lum 
m 2 

1 .4(  10)"' lum 
2 m 

3.0(10)-6 - lum 
2 m 

6. 0(10)-6 lum 
2 m 

3.2( - lum 
m L 

source 
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TABLE V - S T E W  MAGNITUDE AND THEIR CORRES- 
WNDING EARTH SEA LEVEL ILLUMINANCE 

r; r; 
Magnitude Log E Magnitude (lumens/Km2) Log E (lumens/Km2) 

-5 

2.021 -0105 6 .821 6.63 -1 

5.422 .0264 5 1.221 16.65 -2 

2.821 .0663 4 1.621 41.8 -3 

i.221 .1665 3 2.021 105 -4 
7.621 0.418 2 2.422 264 

0 2.64 .422 7 .00418 5.621 

- 

I i.021 1 1  8 
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TABU V I  - THE PHOTOMETRIC  CHARACTERISTICS OF 
PT-,ATES OR DISCS,   SPHERES,   CYLINDERS 
AND CONES 

I N 

I Plate 

BEh 
Sphere 

I X 

I I Cone 

(footcandles) 

prE0r % cos8 cospi 
D 

- cos a + sin a ] 
i i 

- cos + +- sin $1 cos ei 
- cos p i 

Ba (foot lamberts) 

p E 7  cos e r i 

"p 7 E  cos 8 1 
2 r  i 

6 r  p 7E cos Bi 
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TABLE VI1 - SPACE V E H I C L E  SURFACE  COATINGS AND 
THEIR APPROXIMATE REFLECTIVITIES 

Ref lec t ive  
~ 

Approximate 
Vehicle R e f l e c t i v i t y  Coating 

CM 0.85 z-93-w 

SM 0.70 G.T.Schjedah1 Co. 
(Specular) ( +  0.85) 

( +  z93w) 

LM 

0.85 Diffuse White Agena 

0.85 z93w Gemini 
0.85 Z93W (proposed) SIVB 
0.80 ALZAC 

(+Specular  Surfaces) (+O. 70)  
A TDA 0.85 z93w 
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TA.BIJ3 VI11 - RUNNING LIGHT CHARACTEFUSmCS 
FOR A P O W  AND GEMINI VEHICLES 

Vehicle 1 Color I Output   In tens i ty  
I 

CM and SM 
Red 

.6 Candles Green 

.6 Candles Amber 

.6 Candles 

LM 

.37 Candles White 

.37 Candles Amber 

.20 Candles Red 

.20 Candles  Green 

GEMINI Red 

.3 Candles  Green 

.3 Candles Amber 

.3 Candles 
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TABLE I X  - GEMINI AND APOLLCI VEHICLES 
ACQUISITTON  BEACON  CI-LUUCTERISTICS 

Mission 
and/or 
Vehicle 

GT V I  

GT V I 1  

GT V I 1 1  

GT I X  

GT X 

GT XI 
GT XI1 

CM 
S IV B 
LEM 

Beacon Output ( f p )  I t  

40 cd-sec 

40 cd-sec 

80 cd-sec 

80 cd-sec 

150 cd-sec 

150 cd-sec 

170 cd-sec 

Unknown 
270 cd-sec 

750 cd-sec 

Beacon 
[ntensity (I 

190 cd. 

190 cd. 

380 cd. 

380 cd. 

715 cd. 

715 cd. 

810 cd. 

- 
1285 cd. 

35’70 cd. 
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rc Gemini 

TABLE X - SPACECRAFT WINDOW CHARACTERISTICS 

% Transmis- 
s ion   (pre-  

f l i g h t )  

87% 

93% 

76-87% 

% S c a t t e r  
( p r e f l i g h t )  

1 - 2% 

1 - 2% 

Unknown 

Approximate 
% Trans. 

( p o s t f l i g h t )  

Unknown 

% Sca t t e r  

f l i g h t )  
(post-  

Unknown 

10 - 50% 

Unknown 

Window 
S ize  

(Angular) 

72' x 41' 

35' x 39O(ren- 
dezvous) 

35' x 6 O (  s ide )  

74' x 96' 
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TABLE X I  - GUIDANCE AND NAVIGATION SUBSYSTEM 
O P T I C S  AND LtM ALIGNMENT  OPTICAL TELE- 
SCOPE  (AOT) OPTICAL CHARACTERISTICS 

Vehicle Magnification F i e l d  o f  V i e w  Optics  

Apollo Scanning 
Telescope 

28 1.8' Sextant  

Unity 60' 

LM Unity 60' A0 T 
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TABLE XI1 - OPERATIONAL FLIGHT EXPERIENCE DATA 

- 
' light 

- 
V 

VI 

VI 

VI1 

V I 1 1  

VI11 

VI11 

VI11 

V I 1 1  

Time (Min) I Sighting 
(From  Sun- : Distance 
s e t )  

Daylight - 
I 

+7 Min 

Daylight 

0.0 

-20 

+4 

+4 

-56 

Carget 11- :I Shape o 
Lumination : Targetf 

- 

Solar  

ACQ 
Lights 

- 

ACQ 
Lights 

Solar 

- 

- 

- 

Gemini ~ - 11 1.45(10)%~ 
' Window 'I 

'I I( 

:I I, 

I 
I 

GT VI1 1;4.28(10) CD i 31.4 ML 5 

1 
- I 3.62( 10)2CD 

3.62( 10)2CD 

5( 10)5CD 

- 

+2 mag 
star 

+2 mag 
star 

h.71( lo)-% 

b.71(10)+4~ 

3.1h(lO)-%L 

20 ML 

1. 22(10r2ML 

1. 22(10)-2ML 

1.22(lo)-2w 

Percep- 
t i o n  

(Cabin L t  
Measure) 

(2' above 
Horizon) 

Venus -4 
Mag 

Barely 
Visible 

S tars   no t  
Visible  

sth-6th 
Mag. S t a r  

Jus t  Vis- 
i b l e  

Airglow 
Visible  

S t a r s  
Visible 

S t a r s  D i E  
app e ar 

- 
'rans- 
lis sion 

.8 

.8 

.7- 

.8 

.7 

.7 

.7 

.7 

.7 

Adapt. 
SOurC€ 

- 

- 
Black 
sky 

Cabin 
Light 

S t i l l  
Adapt- 

i ng  

Coron: 
o r  Lot 
Cabin 
Light 

Cabin 
Light 

- 

- 
- 



I X  

IX 

IX 

TABLE XI1 - OPERATIONAL FLIGHT EXPERIENCE DATA (ContJ  d) 

-45 
1 2 4  

Ear th  
Night I 2 O  
Side 

Target 11- 
lumination 

Solar  

Solar  

ACQ 
Lights  

Shape of 
Target 

A TDA 

A TDA 

- 

Target  Int .  

3.62( 10) 2CD 

Lum. of 
Backgrd. 

5(  10) -4ML 

6.28( 10) 2ML 

2.04( 10) -3ML 

Percep- 
Trans-   t ion 
Window 

mission 

J u s t  Vis- .75 
i b l e  

Venus 
Bright 

* 75 

J u s t  Vis- .75 
i b l e  

Adapt. 
Source 

Corona 
o r  Low 
Cabin 
Light  

Bright 
Window 

Night 
Sky + 
Low 
Cabin 
Light 



TABLE XI11 

FUNCTIONAL  CHARACTERISTICS OF THE RETINA 
( A f t e r   S t i l e s ,  ref. 44) 

Light-adapted  State  

Occurs when the  eyes  have become 
adapted t o  a f i e l d   b r i g h t n e s s  above 

about  candles/sq. f t .  

After  being  dark-adapted  the  eyes 
become l i g h t - a d a p t e d   i n  a time of 
the   o rder   o f  two or   three  minutes ,  
when the   b r igh tness  i s  ra i sed .  

An o b j e c t   o r  a l i g h t   s i g n a l  i s  
seen most e a s i l y  when the  view i s  
directed  towards  the  object .   (The 
ob jec t  i s  then said t o  be  seen  by 
foveal   vis ion  because  the image 
of   the  object  a t  t h e   r e t i n a   o f  
the  eye, fa l ls  on t h e   c e n t r a l  
p a r t  known as the  fovea.  ) Cer- 
t a i n   k i n d s   o f   f l i c k e r i n g   l i g h t  
form an excep t ion   t o   t h i s   ru l e .  

The eye i s  most s e n s i t i v e   t o  rad- 
iation  of  wavelength A = approx. 
555 m p  ( f q v e a l   v i s i o n ) .  

Appreciation  of  colour i s  o f  t h e  
same genera l   charac te r  a t  t h e  
fovea .  and i n   t h e   p a r a f o v e a .  

Dark-adapted S t a t e  

Occurs when the  eyes  have become 
adapted  to  a f i e ld   b r igh tness   be -  

low  about  candles/sq.ft.  

After being  l ight-adapted,  the 
eyes   take a considerable time of 
the  order  of 30 min. o r  more t o  
become dark-adapted when t h e  
br ightness  i s  lowered. 

An o b j e c t   o r   l i g h t   s i g n a l  i s  seen 
most e a s i l y  when t h e  view i s  d i -  
rected somewhat t o   t h e   s i d e   o f  t h f  
object .  (The o b j e c t  i s  then said 
to   be  seen by parafoveal   vis ion,  
t h e   r e t i n a l  image being formed i n  
the  region  immediately  surround- 
ing  the  fovea,  known as the  para- 
fovea. ) Light   s igna ls   emi t t ing  
only   red   l igh t  form an  exception 
as they  are   seen  equal ly   wel l  o r  
p o s s i b l y   b e t t e r  by foveal   than  by 
parafoveal  vision. 

The eye i s  most s e n s i t i v e   t o   r a d -  
iation  of  wavelength A = approx, 
515 q,p ( ex t r a fovea l   v i s ion ) .  

Except   for   red   s igna ls  a s i g n a l  
can  always  be  detected by extra- 
fovea l   v i s ion ,  a t  a much lower 
i n t e n s i t y   t h a n   t h a t   r e q u i r e d   f o r  
i t s  colour   to   be   apprec ia ted .  
With- fovea l   v i s ion  the  i n t e n s i t y  
for   the  appreciat ion  of   colour  i s  
no t   g rea t ly   i n   excess   o f   t he  
th re sho ld   i n t ens i ty .  
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TABLE XIV 

CHANGES I N  ABSOLUTE  THRESHOLD O F  THE DARK ADAPTED  EYE 
AS A FUNCTION OF ILLUMINATCON  TRANSIENTS ( l o g  n d  ) 

(After Grant & Mote, ref.  24) 

Measure 
~ - - - - . . - - - - . - . 

Experimental  Condition ~~. . -~ 

lt0 sec 
160 rrle 160 mP 1600 ml 1 b O O  m@ 

Control 1.0sec'O.lsec- 0.1 sec 
~~ . - - -~ . . - . . "" - 

Threshold Rise 

General   level  of 
.073 .lo6 .415 .313 .941 4 Min. Recovery 

.133 .188 .322  .232 .286 Immediate  Recovery 

-.018 .029  .329  .236  .940 

adapta t ion  4.201 4.264 4.291 4.229 4. 446 
~~ ". ~ ~ " 
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TABLE XV 

EFFECTS OF HZE-EXPOSURE CONDITIONS ON THE COURSE 
OF SUESEQUENT llARK ADAPTATION 

(Af t e r  Anderson, ref. 2) 

Variable 

Bright- 

t i o n  

1 length 
Wave- 

S i z e  

Loca- 
t i o n  

Periodi- 
c i t y  
. ight   t ime 
ncreases 

Time i n -  
t e r v a l  
i nc reases  

'0. of ex- 
posures 

'requency/ 
. a te   in -  
: reases  I 

. .  

1 I 3 I 4 
Cone Rod-Cone 

Plateau  Break ____"~_ 

Inc reases  I N::~, I occurs I ;;I;s 
i n i t i a l  system- l a t e r  
threshold 

, ~~~ 
.. . - . 

Inc reases  
i n i t i a l  
threshold 

Highest 
a f t e r  
red 

5 studie2  Occurs  Occurs 
show i n -   l a t e r   l a t e r  
crease - 
1 shows 
decrease 

~~ 

Red has 

No 

da ta  
-- No 

l a t e r  change change d a t a  
occurs  No No 

- - 
~~~ 

" -- 

I 
"~ - ~~ 

~~ 

I n i t i a l  1~ De- 1 Occurs 1 Occurs 
t h r e s h o l d   c r e a s e s   l a t e r   l a t e r  
i nc reases  

"" - . - 

No d a t a  

" No d a t a  " 

. - 

" 

-. -. - - - . 

No d a t a  " " 

I 

5 
Rod 

Slope 

Varies 

Varies 

6 
Rod F i n a l  ' 

L eve1 

No 
marked 
e f f e c t  

Almost 
constant  

least  effect 

ion  have  most 

De - Almost 
.. c reases  ~ 

constant  

De - 
creases  

Constant 

" I -- 
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TABU X V I  

ABSOLUTE THRESHOLDS FOR THE DETECTION OF ANGULAR MOTION 

Threshold  Value 

10 Sec./Sec. 
10 Sec . /Sec . 
13 Sec./Sec. 
13 Sec./Sec. 
2 4  Sec.  /Sec. 
28 Sec . /Sec. 
30  Sec./Sec. 
34 Sec./Sec. 
40 Sec.  /Sec. 
44 Sec.  /Sec. 
54 Sec.  /Sec. 

1.4 Min/Sec. 
1-2 Min/Sec. 
2 . 5  Min/Sec. 
2-6 Min/Sec. 
4 Min/Sec. 
9 Min/Sec. 
10-20 MidSec.  
10 Min/Sec. 
13 Min/Sec. 
18 Min/Sec. 
20 Min/Sec. 
44 Min/Sec. 
48 Min/Sec. 

Basic   Studies  

Conditions I 

Durat ion   In tens i ty  

16 Sec. 500 MLI 
Unlimited 

.OOs Ft.L  Unlimited 
Daylight Unlimited 
500 ML 16 Sec. 
1 .0  Ft.L 

16 Sec. .016 ML 
Unlimited - 
16 Sec. .016 
.5 Sec. Daylight 

2.0 500 ML 

2 Sec. 

- 4 Sec. 
Clear   Vis ib le  l l shor t f l  
.005 ML 

,125 Sec. 500 ML 
.I25 Sec. 500 ML - Clea r /Vi s ib l e  - Daylight 
.125 Sec. 500 ML 

.OS Sec. .026 mP 

.125 Sec. ,016 mi 

.125 Sec. .016 m i  

- - 

Ref. 
References No. 

Good 32 
None 

32 No Grid 
40 

None 40 
No Grid 32 

Grid 32 

No Grid 32 
Mono, Fovea 18 
None 1 

No Grid 2 1  

Yes 18 

None 31 
None 31 
None 1 
Mono, Foveal 7 
Ggid 31 
9 Periph 1 
CRT 16 
No Grid 31 
No Grid 31 

- 40 

- 40 

- 1 

6 
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ABSOLUTE THRESM)LDS EDR IETECTION*OF ANGULAR MOTION 
AP?LIED STUDIES 

Threshold  Value 

.1 M rad/sec 

.1 M rad/sec 

.1 M rad/sec 

.2 M rad/sec 

.8 M rad/sec 

.8 M rad/sec 
1.6 M rad/sec 

2.4 M rad/sec 
3.2 M rad/sec 
3.2 M rad/sec 
4 M rad/sec 

~ ~ .. . . 

Detection 
Time 

10 Sec. 
169 Sec. 

220 Sec. 
60 Sec. 

15 Sec 
24 See. 
50 Sec. 

45 Sec. 
5 Sec. 

1 2  Sec. 
2 Sec. 

- 

Conditions 

Good Stat .   Reference 
No r e t i c l e ,   d i r ec t   obse r -  

17' f i e l d   o f  view 
5 th  mag. star, t r a ined  

6 star reference 
1 star reference 
3 mag star, t r a ined  

17' f i e l d   o f  view 
6 star reference 
1 star reference 
2 l i n e s  moving apar t  

vat ion 

observer 

observer 

Ref. 
No. 

2 
5 

47 
47 

47 
47 
47 

47 
47 
h6 

* These s tudies   a re   charac te r ized  by use  of a broad   f ie ld   o f  
view, a moving point   source  target ,   point   source I l s t a r "  

references.  
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TABIX XVIII 

STIMULUS CONDITIONS  PRESENT I N  

MEASUREMENTS OF A w (Ref. 11) 

ef .  
- 

3 

6 

7 

50 

30 

17 

2 4  

38 

4 

- 

S p a t i a l  
Rela t ion  

Of 1 
and 2 

Separate  

Separate  

Separate  

Super- 
imposed 

Adjacent 

Separate  

Separate  

Adjacent 

Separate  

Stimulus 
Frequency 

Repe t i t i ve  

Repet i t ive  

Repe t i t i ve  

S ingle  

S ingle  

Repe t i t i ve  

Repe t i t i ve  

S ingle  

Repe t i t i ve  

Stimulus  Objects 

Black  rectangle  on 
edge  of 2 white 
d i sks  

Black  square  on 
white  paper 

Black  sqGare  on 
white  paper 

Two needles  per- 
p e n d i c u l a r   t o   l i n e  
of   s igh t  

Spot  on  oscil lo- 
scope 

Black v e r t i c a l  
l i n e s  on  white 
Paper 

Wallpaper  with 
pa t te rn   o f   do ts  

Spot  on  oscil lo- 
scope 

White dot  on  edge 
of 2 black  disks  

Direct ion 
o f  Motion 

~~ 

Circular  

Rec t i l i n -  
ear upward 

Rec t i l i n -  
ear upward 

Rec t i l i n -  
ear t o  S l s  
r i g h t  

R e c t i l i n -  
e a r   t o  S l s  
l e f t  

Rec t i l i n -  
ear t o  S f  s 
r i g h t   o r  
l e f t  

R e c t i l i n -  
ear down- 
ward 

R e c t i l i n -  
ea r   ho r i -  
zon ta l  

C i rcu la r  

6.4 

2.15- 
4.30 
2.15- 
4.30 

3.6- 
15.0 

4.8 

5.72 

8.4 

10.0 

5 . 2  

200 

200 

200 

15. 9 

53.3 

50 

1 2 2  

25.4 

200 

152 



TABLE XIX 

METHOWLOGY USED I N  THE MEASUREMENTS OF A m  
(Ref. 11) 

Psychophysi- 
c a l  Method 

L i m i t s  

L i m i t s  

L i m i t s  
L i m i t s  

Constant 
s t i m u l i  
(3.6' 
f i e l d )  

Constant 
s t imu l i  
(15" f i e l d )  

Constant 
s t imu l i  

Average 
e r r o r  

Average 
e r r o r  

Constant 
s t imu l i  

Average 
e r r o r  

~ .. "" 

Measure 
of 

Mean 

Mean 

Mean 
Mean 

Standard 
devia- 
t i o n  

. .  

Standard 
devia- 
t i o n  

Mean 

Standard 
d e v i a t i o ~  

Standard 
devia t io :  

Me an 

Standard 
devia t io :  

. "~ 

0. o f  
peeds 

3 
2 
6 
5 
4 

- 

6 

7 

5 

1 

7 

5 
." 

'0. of 
ss 

1 
2 
2 
3 
2 

~ ~ _ _ _ _  

2 

18 

10 

24 

10 

10 

N o .  of 
easure- 
ments 

er  Speed 
per  S 

20 

10 
6 
3 

100 

"_ ~ 

100 

" 

4 

10 

30 

50 

To tal 
No. of 

illeasure- 
ments 

60 
40 
72 
45 

800 

1200 

" 

200 

2 40 

2100 

2500 

Min Max 

0.77 5.04 
1.79 3.58 
1.72 4.58 
2.29 4.58 
2.67 20.1 

2.67 36.1 

0.15 10.2 

2.07 4.81 

4.80 b.8C 

0.34 22.7 

2.7 24.3 
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ANGULAR RATE THRESHOLDS FOR "I STIMULI 

N3VING I N   O P W S I N G   D I R E C T I O N S  

I n i t i a l  
Separat ion 

Angle 

66' 
128' 

Angular 
Threshold 

R a t  e 

. 4 7 4 O  

1.025O 

.61s0 

1.680' 

% Deviation 
Between 

Two Observers 

16.8 
1 . 9  

31.0 
23.7 

154 



TABLE XXI 

DIFFERENTIAL ANGULAR RATE THRESHOLDS AS A 

FUNCTION OF METHOD OF  HLESENTATION 

(ref. 35) 

Angular  Rate Mean (Approximate) 
%/set Heterodi- 

mensional  Isochronal Isometric 

50 
80 
180 
260 

525 

.19 

.04 .10 .18 

.04 .10 .19 

.05 .10 .16 

.06 .10  .18 

.10 . I4  
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TABLE XXII 

DIFFERENCE THRESHOLDS FOR VELOCITY 

4.6 7.4 

156 



Cues 

, inear  
'erspec- 
i v e  

' i z e  

,inocu- 
a r  
' a ra l -  
ax 

DELINEATION OF THE CUES OF DISTANGE 
( re f .  17) 

Def in i t ion  

The eye  observes as if look ing   i n to  a bowl. 
L i n e s   p a r a l l e l   t o   t h e  axis of  observation  ap- 
pear   to   converge   in   the   d i s tance .  The posi-  
t i o n  of an objec t   on   the  w a l l  o f  t h i s  bowl i s  
a func t ion   of   bo th   the   d i s tance   o f   the   ob jec t  
a l o n g   t h e   l i n e   o f   s i g h t ,  and i t s  devia t ion  
away from t h e   l i n e   o f   s i g h t .  The f i e l d  o f  v i e w  
will normally  contain a  number of  elements 
which  have a long,  strong  surge  toward con- 
vergence a t  v i s u a l .   i n f i n i t y , f o r  example, a 
mountain  range,a  fence o r  a l i n e   o f   b u i l d i n g s  
The associat ion  of   an  object   wi th  one o r  more 
of   these  e lements  w i l l  produce a very  s t rong 
cue  of  both  absolute and r e l a t ive   d i s t ance .  

If the  observer  i s  f ami l i a r   w i th   t he   s i ze   o f  
an ob jec t ,   t he   change   i n   t he   appa ren t   s i ze  o f  
the   ob jec t   wi th   changes   in   d i s tance  w i l l  be a 
cue  for   the  es t imat ion  of   absolute   dis tance.  

Binocular   para l lax  is  of ten   ca l led   b inocular  
s t e r eops i s  o r  r e t i n a l   d i s p a r i t y .  When t h e  
two eyes  are  converged and focused a t  a given 
d i s t ance  from the   observer ,   ob jec ts  a t  s ign i -  
f i c a n t l y   d i f f e r e n t   d i s t a n c e s  fa l l  outs ide  of  
the  horopter  (region  of  single  vision)  and 
are thus  seen  as  double  images. The magnitude 
of   the  sepaeat ion  of   the two images  of  the 
same ob jec t  i s  used  as  a cue   o f   the   re la t ive  
l i n e   o f   s i g h t   d i s t a n c e  between the   po in t  
where the  eyes are focused  and  converged,and 
t h e   l o c a t i o n  of the  other   object .   Also,  i f  
the   ob jec t  i s  between the  observer  and  where 
h is   eyes  are converged,  the l e f t  o f   t he  dou- 
ble  images will be  seen  by  the  right  eye  and 
the   r i gh t   o f   t he   doub le  images will be  seen 
by t h e  l e f t  eye. If the   ob jec t  i s  beyond t h e  
point  where  the  eyes are converged  the re- 
ve r se   r e l a t ionsh ip  will hold   t rue .   Thus , th i s  
cue  furnishes   information as t o  which  of two 
ob jec t s  i s  t h e  more distant,and  incomplete 
in fo rma t ion   r e l a t ive   t o   t he   maen i tude   o f   t he  

Requirements 
For Applica- 

b i l i t y  

Requires a 
I f ra t iona l ly"  
srganized 
f i e l d  f i l l e d  
with  objects  
a t   v a r y i n g  
d is tances  

inowledge  of 
real s i z e   o f  
t he   ob jec t .  

3ood s t e reos -  
copic   vis ion 

Ippl ica-  
I i l i t y  
in Space 

Tery 
Limited 

l e s  

le s 
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TABLE XXIII(Cont I d)  

Requirements 
For  Applica- 

Cues b i l i t y  Def in i t ion  

Binocu- 

was v i s u a l   i n f i n i t y )   t h e   d i s t a n c e   o f   t h e  Paral-  
t h e   o b j e c t s  were known ( f o r  example, i f  one 1 ar 
d i f f e rence .  Thus, if the   d i s tance   o f   one   o f  

(Cont d)  

Motion A s  o b j e c t s  move across   the  f i e l d  of v i e w ,  t h e  A knowledge 
Paral- angular   ve loc i ty   wi th  which they   appear   to   o f  the  l i n e a r  

laX other   could  be  es t imated  absolutely.  

laX speed  and  the move i s  a funct ion  of   the  dis tance  f rom  the 
observer ,   the   l inear   speed   of   the  movement 

d is tance .  
t i v e   d i s t a n c e ,   b u t   n o t  as a cue  of   absolute  
motion  parallax  can  be  used as a cue  of rela- 
two o r  more o b j e c t s   i n   t h e   v i s u a l   f i e l d ,   t h e n  
one or   bo th   can  be cons ide red   t o   be   equa l   fo r  
tack  are unknown or   bo th ,   bu t   the  unknown 
e i t h e r   t h e   l i n e a r   s p e e d   o r   t h e   a n g l e   o f  at- 
known t h i s  i s  a cue  of   absolute   dis tance.  I f  

movement. t he   l i nea r   speed  and the   ang le   o f   a t t ack  are 
t ack   o f   t he  and the   angle   o f   a t tack .  To t h e  extent t h a t  
angle   of  at-  

Aerial 

p a r a t i v e l y  i n g  a haze   t ha t  i s  progress ive ly  more dense t i v e  
o n l y   f o r  com- produces  an  absolute  distance  cue  by impos- Perspec- 
Applicable The at tenuat ion  of   l ight   by  the  a tmosphere 

wi th   an   i nc rease   i n   t he   d i s t ance  from an ob- g r e a t   d i s -  
se rver .  Thus a mountain  range i n   t h e   d i s -  tances  
tance  i s  more  muted t h a n   h i l l s   i n   t h e   f o r e -   t h r o u g h   t h e  
ground. atmosphere 

except  under 
unusual  con- 
d i t ions   such  
as smog. 

Conver- Useful  only Convergence, l i ke   b inocu la r   pa ra l l ax ,  re l ies  
gence on   the   separa t ion  of  t h e  two eyes,  and  oper- 

viewed.  This i s  an  absolute   cue  of   dis tance.  
t i o n s  which  converge a t  the   ob jec t   be ing  
t h e   e y e s   f r o m   p a r a l l e l   f i x a t i o n s   t o  fixa- 
muscles   a t tached  to   the  eyebal l  as t h e y   p u l l  
se rved   for   the   sensa t ions   furn ished   by   the  

30 feet .  However t h e  term llconvergence cuell i s  re- 
first 20 o r  ates s imultaneously  with  binocular   paral lax.  
w i th in   t he  

Ipplica- 
I i l i t y  
in  Space 

res 

Jo 

?e s 
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TABLE XXIII( Cont 1 d) 

~~ 

Cues 

h t e rpo .  
s i t i o n  

msoci- 
;ion 

Lccomo- 
lation 

, i gh t s  
nd  
lhadows 

Requirements 
For  Applica- 

Def in i t i on  b i l i t y  
In t e rpos i t i on   occu r s  when the  view  of  one ob- 

very   s t rong  always  present. 
l i ishes a s t rong   cue   o f   re la t ive   d i s tance ,   bu t  i s  not  
curs  it f u r -  view  of  another  object.  This i s  a very 
pos i t ion   oc-  j e c t  i s  a t  least pa r t i a l ly   b locked   by   t he  
Where i n t e r -  

~ ~ ~~ ~ ~~~~ ~ ~ ~ ~~ ~~ ~ 

cue  of  the 
order ing,   but  
no t   o f   the  
magnitude  of 
d i s t ances .  

This i s  a hodge-podge category  where  the  dis-  

cha rac t e r i s -  tance i s  known. 
o b j e c t  o r  t i c  i n  t h e  visual f i e l d   f o r  which t h e  dis- 
t h e r e  i s  an c ia t ion   wi th   another   ob jec t   o r   charac te r i s -  
b l e  where tance o f  an o b j e c t  i s  estimated  by i t s  asso- 
Only  applica- 

t i c  of known 
d i s t ance  as- 
sociated.  

The change i n  the  focus  of  images as the  eye 
accommodates f o r   n e a r  and fa r  d i s t a n c e   f u r -  
nishes a r e l i a b l e  cue  of  absolute  distance 
within  the first 20 f e e t .  The hypothesized 
sensat ions  f rom  the  c i l iary  muscle   of   the  
eye as t h e   l e n s  i s  accommodated  had been  of- 
ten  proposed as the  source  of   this   cue.  It i s  
not.  There i s  l i t t l e  if any sensa t ion  from 
this   muscle  which i s  assoc ia ted   wi th  accom- 
nodation. 

h e n   t h e   p o s i t i o n   o f   t h e   l i g h t   s o u r c e  i s  
known, and   t he   l i gh t  rays are diverging,   the  
d i f f e r e n c e s   i n   t h e   l e n g t h  and angle  of  shad- 
DWS th roughout   the   v i sua l   f ie ld   can   furn ish  
3 cue   of   re la t ive   d i s tance .  When t h e   l i g h t  
is p a r a l l e l ,  only the   e f fec t ive   ex tens ion   of  
the  cue  of   interposi t ion  by  the shadowing o f  
Dbjects  can  be  used as a cue  of  relative 
l i s t a n c e .  

Applicable 
only   wi th in  
the  limits 
of  accommo- 
da t ion  in- 
f ini ty ,which 
i s  about 20  
f e e t .  

Requires a 
background 
a g a i n s t  whicl 
can be c a s t .  

Ipplica- 
I i l i t y  
in  Space 

res,  but 
infre-  
p e n t l y  

Yes, but  
i n f   r e  - 
quently 

Yes 

Jery 
Limited 
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TABLE X X I V  

ERRORS I N  ESTIMATES  OF  ABSOLUTE  DISTANCE 

LMcKinney Pennington & Dees 

1966 60) 1965 ( r e f .  54) 1966 60) 1965 ( r e f .  54) 

Dees Pennington & McKinney 
Inves t iga to r  (ref-1'7) Beasley  ( ref .  e t  a1 ( r e f .  17) Beas ley   ( re f .  e t  al .  

1963  1963 
Actual 

ops is  ops i s  lax Range 
Cue Size Stere- Paral- Size  Size  Size S te re -  

1 I 

Direct  Approach 

100 F t  

+26% -40% cent 800 F t  

+40$ -42% Per- 500 F t  

+ 30% -28% i n  250 F t  

+lo% -30% Error  

- 
100 F t  10' -301 Error  

250 F t  i n  

208 1 -320' 800 F t  

200' -210' Feet 500 F t  

75l -70' 

Recede II IApproact 

+ 7.7%  43'.8% 42% 
+14. 72 51- 3% 43% 
+20.3$ 74.0% 57% 
+24.3%  59.5% 49% r iecede 

14% 

45. 2% 26% 
48.2% 23% 

44.1% 16% 
43.1% 

141 43.1' 

401 110.21 

115' 
361.01 2081 

241.0' 

Paral-  
laX 

23.97% 
25.5 % 
27.6 % 
28.0 $ 

24.0' 

63.7l 
137;2* 
224.0' 



r 

SUPPLEMENTAL  CONDITIONS I N  INVESTIGATIONS 
OF ESTIMATED ABSOLUTE DISTANCE 

Experimental  Conditions 1 I n v e s t i g a t o r s  

McKinney, 
Beasley  ( ref .  60 e t .  a l .  (ref. 54) 

Pennington & 
. . . - " ___ . " .. . 

- .  .. ~~~~~ 

Depth- 
~" 

~~ 
~ ~ ~~~ ~ ~ 

S i z e   S i z e  

~~~ ". . . .  . - ". . . - .. . ~. . ~ ~~ - 

Shape Disc  Circular   disc .  

Outline  of man Fr 
Triangle  
Cylinders 

" "- "" ~~~~ ~ . . . . . 

i nea r   Ex ten t  Disc: 1' diam. Disc: 3' diam. 
Man: 61 211 t a l l  si= . . "" . ." "~ ~ ~ ~ ~. 

i s u a l  Angle 
~- ~~~" 1 -  

[iuminance 

From .007 t o  
.llr candles 
per sq. f t .  k 

a, a - ~ ~ 

l m a t i o n  of 
.~ 

A t  observer 1 s 
v o l i t i o n  * Expo sure  

a, 

Physical 100;2~0;~00;800 
Dis tance   fee t  

No. of  eyes 
(Binocular   or  
Monocular) 

- "  "~ 

Ref rac t ive  
Conditions 

Probably 
Binocular 

0 t o  1300 f t .  

6 

Probably 
Binocular 

20/20 Vision 
o r   b e t t e r  

Dees 
( r e f .  17)  

Stereopsis ,  
Movement- 
Parallax 

Disc ( ping 
pong b a l l )  

1. 99h0 

11.35 can- 
d l e s   pe r  
sq. f t .  

10 Sec. 

S t a r f i e l d  
(Lum. l e s s  
than .032  
candles  per 
sq. f t . )  

1 t o  4000 f t ,  
(s imulated)  

1 2  

Monocular 
and 

Binocular 

2O/2O Vision 
( co r rec t ed )  
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Physical 

Apparent 

1 Assumed 

T B L E  XXVI 

TERMS USED FOR  DISTANCE AND SIZE 

Variable 

Size 
or 

Distance 

Size 
or 

Distance 

Size 
or 

Distance 

Approximate 
Eauivalents 

. . . . - -. 

Real, 
Actual 

Perceived 
Experienced 
Phenomonological 
Estimated 
Inferred 
Judged 

Corresponding  to 
a particular 
meaning 

Corresponding to 
a particular  set 
or attitude 
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TABLE XXVII 

SUB-PROBLEXS I N  INVESTIGATIONS 
IN MOVEMENT PARALLAX 

~~ ." .~ 
Geometq 

Paral la :  
I n v e s t i g a t o r  of Year 

Helmholtz 

lourdon 

( r e f .  35) 
1866 

r e f .  85)  
egers  

r e f .  32) 
X 1948 raham, e t  a l .  

r e f .  7 7 )  
1939 schermak 

r e f .  10) 
1902 

" -~ ~ 

~- ~~ ~ 

"~ ~ ~ - ~ 

r e f .  66) 

ib son ,   e t  al. 1959 
r e f .  26) 

re f .  17) 

I 1 1 

X 

I x  I 
l x  I 

General 
Dis- 

cussion 

X 

X 
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T A B U  XXvIII 

EQUIVALENCE OF SYMBOLS I N  DIAGRAMS 

FOR PARALLAX AND STEREOPSIS 

Magnitude t Ogle ( r e f .  
16, p.262) 

Distance  to   Fixa-  
t i on   po in t  from 
eY e 

I Distance of Ob- 
j e c t   p o i n t  from j eye 

Y 

Depth I n t e r v a l  

Symbols used i n  
Pa ra l l ax  D i a g r a m s  

t T 
1 Y - Yo 

Angle  of  Rota- 
tion of  eye 

Angle of   Para l lax  
o r   s t e r e o p s i s  P 

T 
" - .  . - ~- 

Symbols used i n  
S te reops i s  Diagram 

b 
V 

bv+ Abv 

." . . . . 

77 

NOTE: S u b s c r i p t s   i n  two r i g h t  columns by the   au thors .  
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TABLE XXM 

PARALLAX RATIO THRESHOLDS P / $  

I Tschermak 

Conditions 

Horizontal  0.8 mm 210 mm 

Ver t i ca l  5-9 mm 1 400 mm 
Axis 

Pa ra l l ax  
Rat io  

Y-Yo - 
Y 

Source  of Table I Monocular,Head 
Data O s c i l l a t i n g  

( R e f .  76, p. 466) 

Graham, e t  al. 

Rat io  

,008 t o  9.44 i n .  .85(10-3) 
.031 i n .  (24  cm) t o  

3.28( 

.011 t o  9.44 in.  1.17(10-3) 

.065 i n .  ( 2 4  cm) to 
6.90( N 3 )  

16 5 

I 



PARAILAX DIFFERENTCAL ANGULAR VELOCITY 

THRESHOLDS (ut 

Parameter 

Luminance 
of  back- 
ground i n  
milli- 
lamberts 

( r e f .  32, 
p. 213) 

Rate o f  
movement of 
object-  
po in t s  (heac 
s t a t i o n a r y )  

( r e f .  32., 
p. 215) 

Axis  of 
Parallax 
Movement 

I Different ia l   Angular   Veloci ty  I Extreme I 
I Level Log w 

(Rounded) t wt I L i m i t s  

1 Log I I 

1.0 10 35.50  sec.  of  arc 1.55 (a) 
per   sec .  

-2.3 0.005 316 sec.  of 316.3 sec.   of  arc 2 .51  (Ti) 
per   sec.  a rc   per   sec .  

.1279 rad.  per 
sec.   of   arc  

1.23 16.99  sec.   of  arc 17  sec.  of 
per   sec.   arc   per   sec.  

1.52 (E) 

64.57 sec.   of  arc 1.81 (H) 240' Axis)' 

33.12 sec.   of   arc  
per   sec.  - 

~ 

per   sec.  

3' 
240' axis se l ec t ed   s ince  m a x i m u m  value o f  ut 
assoc ia t ed  with t h i s  ax is ,  minimum with 0' axis. 
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TABLE XXXI 

Type of  
Variable  

V i  sua1   F ie ld  
Conditions 

~~ 

Movement 
P rope r t i e s  

Stimulus - 
Target  
Conditions 

CHANGE I N  PARALLAX THRESHOLDS WITH INCREASE 

I N  MAGNITUDE OF IMIEPENIENT VARIABLE 

I I n v e s t i g a t o r  

Independent 
Variable  I Tschermak Graham e t  

( re f .76)  I a l . ( r e f .  32) I Zegers (ref.  85 I ( r e f .  Rose 66: 

Angular  size  of 

Luminance of  back- 

f i e l d  
0 

l a m b e r t s   ( I )  
- ground i n  milli- 

Axis of movement 
V e r t i c a l  axis rel. 
t o   h o r i z o n t a l  

- + + 

Rate of relative + + 
movement 

D i f f e r e n t i a l   s i z e  

Offset 

of  2 o b j e c t s  
0 

C 

LEGEND: + means i n c r e a s e   i n   t h r e s h o l d  

- means d e c r e a s e   i n   t h r e s h o l d  

' 0 means l i t t l e  o r  no change i n   t h r e s h o l d  

C means an  effect dependent  on a complex p a t t e r n  
o f   f a c t o r s  
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TABLE XXXII 

LINEAR DEPTH INTERVALS CALCULATED FOR DIFFEmNT 

DISPARITY ANGLES AND REPRESENTATIVE FIXATTON  DISTANCES 

Ogle (ref. 16, p. 293) 

~ ~~ 

q = 1 2  seconds of a r c  

F ixa t ion   d i s tanoe  b 

A b  
25 cm. 40 cm. 7 5  cm. 1 m. 4 m. 10 m. 25 m. 40 m. 1,110 m. 

q 20 seconds of a r c  

F ixa t ion   d i s t ance  b 

A b  

25 cm. 40 cm. 75 cm. 1 m. 4 m. 10 m. 25 m. 40 m. 667 m. 

D i s t a l  0.09 mm 0.24 mm 0.85 mm 1.5 mm 2 4  mm 15 cm 9.4 cm 2 4 l  cm m 

Proximal  -0.09 mm -0.24 nun 0.85 mm 1.5 mm 2 4  mm 14.8 cm 90 cm 226 cm 333 m 
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TABLEXXXIII 

STEREOPTIC THRESHOLDS: MAGNITUDE OF 7% 

Stra t ton  24  Sec. of Arc 1 580 Meters 

Howard 1.8-2.7 Sec. of Arc 6 Meters 

1 
Worst SS: 10.6-136.2  Sec. of 
Arc ( n  = 24) 

” 

Woodburne 2 Meters 2.12 Sec. of Arc (Average of 80 1934 

Ten 
Doelschate 

50 Meters 

I I I L 

~~ 

Apparatus Type 

Pseudoscope 

2 Rods (Vert. 
rods, Dim. 1 
cm., Aperture 
= 20 x 1 2  cm. 
Threshold a t  
75% probabi l i ty  

2 Illum. S l i t s  
Method: Constan 

Stimlilu 
Target Vis. 
Angle Constant 

3 Rod Apparatus 
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STIMULUS-PARAMETERS  EFFECTING  STEREOPTIC 
THRl3SFDLD (qt ) 

C l a s s i f i c a t i o n  
of  

-~ ~. ~ 

P a r a  

System 
S ta tus  

Input 
Proper- 
t i e s  
(Tar- 
g e t )  

Spec i f i c  
S ta tus   Parameter   Inves t iga tor  - 
L 

t 

- 
I 

I I 

I I I 
Length of Objects  Anderson,et al. 1923 

Matsubayashii 1938 

Thickness  of Ob- Matsubayashii  1938 
j e c t s  

Shape o f  Objects  Langlands  1926 

Lateral   Separa-  Matsubayashii  1937 
t ion   o f   Objec ts  Graham, Riggs, 

Mueller & 1949 
Solomon e, 

9 Viewing  Distance  Matsubayashii 1938 
Teichner, e t  al 195'5 

Duration  of  Langlands  1926 
Expo sure  Ogle & Weil 1958 

Luminance or  Mueller &Lloyd [ 1948 

6-l 
0 

"" 

~ 

Illum. of 
Target Ludvigh 1947 

Berry,  Riggs & 195'0 
Duncan I 

Change o f  

3O I 
30 I 
49. I 
30 Inc rease  

31 Inc rease  

Resul ts  
"~~ 

36 Decrease 

53 Decrease 
8 Decrease 
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TABLEXXXV 

RECEPTOR-PARAMETERS EFFECTING STE€GOPTIC 

THRESHOLD ( qt ) 

Specific  Parameter 
- 
cn Visual   acu i ty  

. r l  
a, 

e 
k 
a, 
p. Rela t ive   v i sua l  
2 acui ty   o f  2 eyes 
II 
A 
4J 

,g 

~ _ _ _ _  

Dark adaptat ion 

1 Axis of   Dispar i ty  

Per ipheral   angle  
o f   exc i t a t ion  

v1 
a, .rl 
s3 
t l  

Angular  Width  of 
k F i e l d  

4 Angle  of  con- 
vergence 

Receptor  Conditions I 
~~ 

I n v e s t i g a t o r  

Fr   ey 

Matsubayashii 

Mueller & 
Lloyd 

L i t  

Helmholtz 

Ogle 

El le rbrock  

Fabre & 
Lapoui l le  

Burian 

Langlands 
. 

Wright 

Rady & I sh& 

0 g l e  

Change o f   S t e reop t i c  
Threshold  Angle  With 
Parameter  Increase 

Ten-decrease with 
i n c r e a s e   i n  visual acui ty .  
Some confl ic t ing  evidence.  

Constant  except a t  very 
low a c u i t y   f o r  1 eye 

Decreases  with  increase 
i n  dark  adaptation, i. e.,  
w i t h   i n c r e a s e   i n   r e t i n a l  
s e n s i t i v i t y .  

Hor i zon ta l   d i spa r i ty   t he  
dominant f a c t o r .  Some ef -  
f e c t s   o f   v e r t i c a l   d i s p a r -  
i t y   i n   p a t h o l o g i c a l   c a s e s .  

Threshold  increases   to-  
ward per iphery  

For 8: f i e ld ,   g rea t e r   t ha r .  
f o r  1 f i e l d  

~ ~~ ~ ~~ 

C o n f l i c t i n g   r e s u l t s  
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T = t a r g e t  

C = i n i t i a l   c h a s e r   l o c a t i o n  

To = i n i t i a l   t a r g e t   l o c a t i o n  

XI, Z = i n e r t i a l   r e f e r e n c e  

0 

I d i r e c t i o n s  

Fig. 1 Pitch  Plane Geometry f o r  Guidance Scheme #l; 
Iner t ia l   L ine-of -Sight   Col l i s ion   Course  
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l oca l   t angen t  
plane  reference 
d i r e c t i o n s  

Fig. 2 .  Pitch  Plane Geometry for Guidance Scheme #2: 
Rotating  Line-of-Sight Collision Course 
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Line-of-sight 

X 

Target 

Fig. 3 Line-of-Sight  Relations Between Commanded Module and  Spacecraft 
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Posit ion c n 

Fie ld  
I ~ 

Target 
LUm. 

Objects Irtensity.  
1 

FIGURE 4 PHYSICAL ENVIRONMENT PAIWE!EXE 
AND THEIR RELATIONSHIPS 



Sunlight  + 
Moonlight t 

' 1  \ 

1 1  \ 
1 1  \ 

\ Earthshine 

I 1 \\ 

&+----@ 
I 

( 3 )  R Earthshine 

\ 

I 
' \  
I 
I 

\ 
\ 

I 

Sunshine + 
Moonlight 

I \', 
I \'\ 

Moonlight 

I \  
I \ 

62 \ 
\ 
\ 
\ 

W" "&) 

('I q, Earthshine 
Sunshine + 

\ \  

Sunlight  

NOTE: (1) Black dot  is a spacecraft. 
( 2 )  The s tar  f i e l d  exists i n  all environments. 

S t a r l i g h t  

\ 

b 

Fig.  5 Typical  Spacecraft  Illumination  Environment 
as a Function of  Mission and/or i t s  Orbit 
Position 
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FIGURE 6 - MAXI" LINE OF SIGHT DISTANCE AND TIME I N  
DARK FOR EARTH ORBITING SPACECRAFT r+firjt, 

( a )   R a t i o  of  Approximate Time i n  Dark t o  
Orbi t   Per iod.  

Assumptions: 

1. Spherical   Ear th .  
2. Ci rcu lar   Orbi t s   (Equator ia l ) .  
3 .  321 Decollimation of Sunlight  

Negligible.  

- =  td - $ - L 0 s - l  (*j Earth1 s 

r 

Shadow 
180' 

Where: td = Time i n  dark  (minutes) 

Po = Orbit   per iod  (minutes)  

re 
h = Orbit  a l t i t u d e  (n.m. ) 

= Earth  radius   (3440 n.m. ) 

(b )  M a x i m u m  Line of Sight  Distance Between 
Two Orbi t ing   Spacecraf t .  

Assumptions: 

1. Sper ica l   Ear th .  
2. C i r cu la r   Orb i t s   (Equa to r i a l ) .  
3 .  20 n.m. A l t i t u d e   E a r t h  I1Aurafr. 
4. Spacecraf t  and Target i n  Same 

Orbi t .  

% 
D c 2 E re (h-ha) + ( h2 - h:)] 

Where: D = M a x i m u m  l i n e  of s i g h t   d i s t a n c e  (n.m. ) 
r = Ear th   r ad ius  ( 34.40 n.m. ) 
h = O r b i t   a l t i t u d e  (n.m. ) 
ha = Aura a l t i t u d e  (n.m. ) 

e 
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FIGURE 7 - STAR IENSITY VS. MAGNITUDE FOR 
THREE SIZES OF FIELD OF VIEW 

8' Fie ld   o f  V i e w  
- - - - - - 17' Fie ld   o f  View 

- /From ref. 24 7 - 

"- 22' F i e l d  of View 

+i +; 

I "' - 
I 

I 
I 

/ 
/ / 
I 
/ 
/ 

/ 

+, 

/ 

I 
, 
/' 

/ 
/ 

+ 

S t e l l a r  Magnitude 
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FIGURE 3 - MINI" VISUAL ACUITY AS A 
FUNCTION OF COWPRAST RATIO 
AND BACKGROUND LUMINANCE 

(REF. 2) 

-5 -4 -3 -2 - I  0 + I  +2 
LOG BACKGROUND BRIGHTNESS IN FT t. 
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FIGURE 9 :  SURFACE  BRIGHTNESS OF S P A C E C W T  
CORONA AS A FITNC'RON OF MASS 
EJECTTON UTE (HEF. 12)  

loo 

10" 

10" 

10" 

Mass Ejec t ion  (gm/min) 
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FIGURE 1 0 :  CRITICAL VISUAL ANGLE FOR 
POINT SOURCES AS A FUNCTION 
OF BACKGROUND LUMINANCE 

(FEF. 2) 

BACKGROUND  LUMINANCE - mL 
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0 Lt. adapted (s min of a rc)  

A Dark adapted ( 8  min of arc)  

P 

2 4 6 8 10 
Target Radius 

(ft> 

FIGURE 11: DISTANCE BEYOND WHICH A TARGET I S  
A FWNT SOURCE 
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(u 

0 cu 

II 

4 

1 50 100 500 1000 

Distance - n.m. 

Figure 12. Illumination at the .Eye Versus Range for a Sunlit 
Diffuse Flat Plate or Disc of Area (A) 
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" 

1 5 10 50 100 500 1000 
Distance - n.m. 

Figure 13. Target  Brightness Versus Range for a S u n l i t  
Diffuse F l a t  Plate or Disc of Area ( A )  
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r 

a =  

10- 

10- 

10- 

lo-€ 
50 100 

Distance - n.m. 
Figure 14. Illumination at the Eye Versus Range for a 

Sunlit Diffuse Sphere 
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Distance - n.m. 

186 



0 
0 
0 cu 

II 

E 
3 =  

Distance - n.m. 

Figure 16. I l l u m i n a t i o n   a t   t h e  Eye Versus Range f o r  a S u n l i t  
Diffuse  Cylinder  of  Radius (r ) and Length (h. ) 
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10-7 

50 100 
Distance - n.m. 

Figure 17. Target  Brightness Versus Range for a Sunl i t   Di f fuse  
Cylinder of Radius (r) and  Length ( h )  
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r 

L n  
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Distance - n.m. 

Figure 19. Target  Brightness  Versus Range f o r  a Sunl i t   Di f fuse  
Cone of Height  (h) and Cone Half  Angle ( 6 )  
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Specular 

FIGURE 20 REFLECTION OF COLLIMATED LIGHT 
BY A SPECULAR AND A DIFFUSE SPHERE 

Diffuse 

As = s o l i d  
l i g h t  
pup i l  

angle  subtended  by 
which e n t e r s   t h e  
of the  eye 
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FIGURE 21: RELAm VISIBILITY VERSUS 
WAVELENGTH FOR THE LIGHT 
ADAPTED EPE (REF. 9 )  

1 .G 

0.9 

0.8 

0.7 

0.6 

0.5 

0.4 

0.3 

0.2 

400  450  500  550 600 650 700 

WAVE LENGTH (mp) 
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FTGUHE 22: INYENSITY VAI1ZATION AS A FQNCTION 
OF TIEWING AN- FDR A T y m C A t  
XENON FWLSH LAMP (REF. 19) 
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FIGURE 23: FELATIVE I N T E N S I T Y  OF A JUST 
VISIBLE FLASH A S  A FUNCTTON 
OF FLASH DURATION (REF. 5 ) 

0.00 1 0.0 1 0.1 1 

LENGTH  OF FLASH - S*C 

10 
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a. Gemini V - in te rna l   spacecraf t   luminance  
levels ( i n f l i g h t  measurements,  daylight 
s ide ,   cab in   l igh ts   on) .  

1.45 f t . L  

145/l450 f t . L  

0.8 f t . L  

.1 f t . L  
0.8 f t . T -  

1.0 f t . L  A 
/ .8 f t . L  

0.6 f t . L  

b. Gemini V I  - internal   spacecraf t   luminance 
l eve l s   (pos t f l i gh t   s imu la t ion ,   cab in  
l i g h t s   d i m e d )  . 

.Olb f t . L  

.026 f t . L  

.OB- f t  .L 

\ 1 . 2  f t .L  

* Black  sky/earthshine  (out of window) 
(-) no reading 

Figure 24 - Spacec ra f t   In t e rna l   I l l umina t ion  

.01 f t . L  

.003 f t . L  

1 . 2  f t .  L 

.016 f t .  L 
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0 
0 -12 
0, 
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"I 3 

FIGURE 25:  THRESHOLD ILLUMINATION FROM A FIXED 
ACHROMATIC POINT SOURCE AS A F"NC!ITON 
OF EiACKGROUND LUMINANCE (mF 7 ) 

- 6  
-5 
- 4  
-3 
- 2  

+ 6  
-k7 
+ 8  
+ 9  

I 1 I I 1 I 1 1 1 1 
+IO 

"14 
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FIGURE 26: I N n I G H T  TARGET VISIBILITY DATA FOR GEMINI FLIGHTS 

Ea r th  
Sunset 0 Effor t  made t o  

A No e f f o r t  made 

0 I 

A 
-65 -60 -50 -40 -30 -20 -10 0 

Time from sunset - minutes 

10 20 30 35 

dark  adapt 

t o  dark  adapt 



1 

Luminance of Adapting Field i n  Log F3llilmberts 

F i g .  27 - 'The Rela t ionship  of Pupi l   Size  to   Adapt ing Luminance ( r e f .  
23). 

This   f igure  i s  scaled  up from tha t   p resented   by  DeGroot and 
Gebhart  and i s  not  prec ise .  The d a t a  are der ived from e igh t  
d i f f e r e n t   s t u d i e s   r e p o r t e d  i n  t h e   l i t e r a t u r e .  
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Time .1 sec /uni t  

The broken l i n e s  are responses   to  0.1 second 
flashes  (a).  The so l id   P ines   (b )   a r e   r e sponses  
t o  1.0 second stimuli. The stimulus  magnitudes 
were A-31y u n i t s  above  scotopic  threshold and 
B-9 l o g  units above  threshold. 
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h 

E 
% 3  
v 

0 
.d 
t' 
0 
rd 

Extent of con t r ac t ion  w' 
Duration of Response -- 
Latency  of  Response --, 

Log Brightness 

3 

1 

Fig. 29 - Amplitude,  Duration  and  Latency  of  Pupil  Responses 
t o  1 Second  Light  Flashes  (ref.  34).  
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I:/ "I 1 flash per second 

Fig. 30-Pupil   Responses  to a Se r i e s   o f   L igh t   F l a shes   ( r e f .  34) 

f l a s h   d u r a t i o n  - 5 rnsec 

flash i n t e n s i t y  - 9 Log u n i t s  above  scotopic  threshold 

s" c e n t r a l l y  fixated test patch 
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E 

Time  - ( s e c )  

Fig. 31 - Pupil   Responses  to a Stepfunct ion Change i n  Luminance 
( r e f .  34). 

Curves A, B. C. and D represent   response  to   s t imulus 
i n t e n s i t i e s  2.6, 4.6, 6.6 and 8.6 l o g   u n i t s  above 
the  scotopic   threshold.  
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100 80 60 Y) m 0 10 Y) 60 80 
NASAL  RETINA  (TEMPORAL FIELD) FOVEA TEMPORAL  RETINA  (NASAL FIELD) 

ANGULAR ECCENTRICITY - &gr..r 

Fig. 32 - Distribution of Rods and cones in the  Retina (ref. 52). 
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10 20 

T ime  i n  Dark - (min) 

2.5 30 

Fig. 33 - The General  Course of Dark Adaptat ion  ( ref .  43). 

Area  enclosed  by  the  curve  indicates  the  range o f  
response i n  a sample of 110 subjec ts .  Numbers on 
the  curve  correspond t o  c a t e g o r i e s   l i s t e d  by  Anderson 
and presented   in   Table  XVIII. 

1. In i t i a l   Thresho ld  4. Rod-Cone Break 
2. Cone Slope 5. Rod Slope 
3. Cone Plateau 6 .  Rod Final   Level  
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n 
(0 
-P .rl 
P 
c .  

s"' 

9 '  
8 .  

Time i n  Dark - (min. ) 

Fig. 34 - V a r i a t i o n   i n  Dark Adaptation  Over  Repeated 
Measures on   the  Same Observers. (ref.  38) 
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- C 

v 30- 
V 
C 

- 
- .- 2 2 0 -  s 

J l 0 -  Avrragr of II obrrrvrrr 

OO 
I I I I 

I 2 3 4 5 6 7 8 min 
I I I s 

Time in dark 

Fig. 35 - Luminance i n   t h e   L i g h t  Adapted  Right Eye 
Necessary  for  a Constant  Level  of  Subjective 
Brightness as a Funct ion  of  Time i n  Dark 
( r e f .  47). 
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100 
dB brllr 

I I I I 1 1 I 

1 I I 1 I I I I 

I 2 3 4 5 6 7 Bmln 
Time in dark 

Fig. 36 - Subjective  Brightness of Different Luminances 
in .a Light  Adapted Eye as a  Function of Time 
in Dark (ref. k7). 
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Fig. 37B: 

Fig.  37A: 

t w e  In sccowos 

Dark adaptat ion  of  one s u b j e c t   t o   f i v e   i n t e r m e d i a t e  
levels of  luminance e i   h t   d e g r e e s  from  the  fovea i n  
the   t empora l   re t ina .  fief. 28) 

I I 
Y)o woo woo 1200 boo mco 

TIYF IN I E C O H O S  

Dark adapta t ion   of   one   subjec t   to   f ive   in te rmed 
l e v e l s  of luminance i n  the   fovea .   ( r e f .  28) 

i a t e  

Fig.  37 - Adapta t ion   to  Non-Zero Luminance F ie lds .  

208 



3.4 

3.3 

3.2 

3.1 
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1.4 

1.3 
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2.2 

2.1 

2.0 

1.9 

1.7 1 

0.7 

Fig. 38 - The General  Course of Light   Adaptat ion.  

Thre'shold r e t i n a l   i l l u m i n a n c e   a s  a func t ion  of 
time for exposure t o  four adapt ing  i l luminances 
( r e f .  7) .  
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- 2 1 1 1 1 1 1 1 1 1 ! 1 1  
-0.2 0 0.2 0.4 0.6 0.8 1.0 

-A- 1 

Time (sec) after start of conditioning stimulus 

Fig. 39 - Immediate  Responses to Illumination Transients 
in the Dark Adapted Eye (ref. 20). 
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c 

PRE-ADAPTING  LUMINANCE - mL 

Fig. 40 - Instantaneous  Threshold  of the Eye (ref. 4. l ) .  
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Target luminance 

Fig. 41 - Operat ing  Character is t ics   Produced  by  Different  
Levels  of  Light  Adaptation. 

The relat ionship  between  target   luminance and 
subjec t ive   b r ightness   immedia te ly   a f te r   an  
a d a p t i n g   f i e l d  i s  swi t ched   o f f   ( r e f .  47). 
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a. b. 

TARGET  LUMINANCE - mL TARGET LUMINANCE - mL 

Fig. 42 - The Perception  of  Acuity Targets by the  Dark  Adapted 
Eye After Exposure  to   Brief   Flashes o f  L i g h t   ( r e f .  14) 

Flash   i n t ens i t i e s   a r e   i nd ica t ed   by  coded symbols. 
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Fig. 43 - Dark Adaptat ion  as  a Function o f  Pre- 
Exposure I n t e n s i t y   ( r e f .  26) 
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4 4  I I I I 1 I 
0 IO 20 

MINUTES IN THE DARK 

Fig. 44 - Dark Adaptation as a Function of Pre- 
Exposure  Duration  (ref. 26) 

Dark adaptat ion  fol lowing  adaptat ion 
t o  447 mL pre-exposure   f ie ld   for   in -  
d ica ted   dura t ions .  
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> a  
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0 

Fig. 45 Equivalent  Steady  State  Adaptation  Levels  After 
Exposure to Short  Duration  Illumination  (ref. 6) 

LOO 125 150 S UP 

0 

Fig. 45 Equivalent  Steady  State  Adaptation  Levels  After 
Exposure to Short  Duration  Illumination  (ref. 6) 

"For  any  given  exposure  duration  the  value  in  the 
o r d i n a t e  i s  used as a m u l t i p l i e r  o f  the  exposure 
b r igh tness   t o   g ive   t he   s t eady   s t a t e   adap ta t ion  
l e v e l  of the  eye. 
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Fig.  46 Luminance Thresholds for Differen t   Acui t ies  

Dark Adaptat ion.   ( ref .  16) 
During 

Numbers bes ide   each   cu rve   r e fe r   t o   l eve l s  o f  acu i ty .  
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Log Pre-Adapting  Luminance (ml) 

Fig. 47 - Luminance Thresholds   for   Different   Acui t ies   After  
One Second of Dark Adaptat ion  ( ref .  16) 

The number bes ide   each   curve   re fe rs   to   the  
l e v e l  of  acuity. 
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Fig. 48 - Dark Adaptation  Measured by Test   Flashes c;f 
Different  Wavelengths ( r e f .  18) 
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.ooOol .ooo1 ,001 .o 1 . 1  1 10 

BACKGRWND LUMINANCE - mL 

Fig. 49 - Threshold  Target  Angular  Size as a Function  of 
Contrast   Rat io  and Background  Luminance ( r e f .  9 )  

220 



Log V (Minutes  of  Visual angle/second) 

Fig. 50 Luminance  Threshold  for  Visibility and Discrimination 

of Motion  as  a  Function of Stimulus Speed.  (ref. 10) 
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Fig. 51 The Upper Speed Threshold as a Function of 
Luminance.  (Ref. 10) 
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SCLEO fOR  FOVEA (OEGl lECI  

$PEE0 COR CERIPHERV lOEClSEC I 

Fig. 52 Threshold  Luminance as a Function  of  Speed. 
(Ref. 1 2 )  
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I .  1 1 1 

1/8 11’4 1 2 16 

Exposure  Duration 

Fig. 53 Isochronal  Threshold  Velocity as a Function of Duration 
of Exposure  With  Luminance as a Parameter.  (Ref. 31) 
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Fig. 54 Isochronal Threshold Velocity as a  Function of Luminance 
With  Duration of Exposure  as  a Parameter.  (Ref. 31) 
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Fig. 55 Time  t o   I d e n t i f y  a Moving Point  as Function  of  Rate  of 
Motion, Direction  of  Motion  and  Presence of Reference 
Points.  (Ref. 5 )  
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Fig. 56 Energy  Required f o r  t h e   V i s i b i l i t y  of a Moving 
Test  Spot as a Function of its Exposure Time. 
(Ref. 1 2 )  
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Fig. 57 Threshold  Velocity as a Function of Practice With 
Duration of Exposure,  Luminance,  and  Reference Poin ts  
as Parameters.  (Ref.  32) 
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Fig. 58 The D i f f e r e n t i a l  Angular Speed  Threshold(Aw) 

as a Function  of Angular Speed (w ) .  (Ref. 14) 
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for 2 needles  traversing at 1s speeds 5 deg/sec. - 2 
needles - Mono  Parallax  offset  direct  determiner  of  threshold. 

Fig. 59 The Weber Ratio (Aw/w) as a  Function of Angular Speed 
for Discriminating  Adjacent,  Separate  and  Superimposed 
Stimuli.  (Ref. 14) 
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Fig. 60 The Instantaneous Threshold for Velocity. (Ref. 38) 
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1. Dependence of visunl ecuity on nngular velocity of the teat object 

Fig. 61 Dynamic Visual Acuity as a Function of the Angular 
Velocity of the Test Object. (Ref. 36) 
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Fxo. 2. Effeot of change of exposure time 

Fig. 62 The E f f e c t  of Isometr ic  and Isochronal  Test   Procedures 
on Thresholds   for  Dynamic Visual Acuity.  (Ref. 36) 
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FIG. 3. Effect of direction of motion of the test object 

Fig. 63 The E f f e c t  of  Direct ion o f  Stimulus  Motion on 
Dynamic Visual  Acuity.  (Ref. 36) 
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Fig.  64 Geometry of Size-Distance  Relationship.  
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Fig. 65 Geometrical  Relations  Involved i n   P a r a l l a x .  
(Adapted  from  Ogle, r e f .  16) 

236 



\ . I .I 

1 

\ 

\ 

Fig. 66 Geometrical  Relations i n  Parallax with Eye Fixed 
and Object-Points  Displaced.  (After Graham, e t  til., 
r e f .  32, p. 206) 
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Fig. 67 Geometrical  Relations in Stereopsis. 
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Appendix A 
SYMwlLS 

A 

AP 
AS 

a 

a 
0 

B 

Ba 

Bt 
b 

bL 

bv 
C 

D 

Df 

Di 

DO 

d P 

E 

Ef 

EO 

area 

maximum  limit of perceived  distance  for a given  observer 

solid  angle  subtended  by  light  entering  the  eye 

Blondell-Rey  factor 

one  half  the  interocular  distance 

background  brightness 

apparent  object  brightness 

target  brightness 

slope 

maximum  viewing  distance for stereopsis 

viewing  distance 

contrast  ratio 

object  distance 

luminous flux density  at  the  pupil 

objective  diameter 

eye  pupil  diameker  when  adapted  to  true  background  brightness 

perceived  distance 

space  correction  factor 

illumination  at  the  eye 

flashing  source  illumination  at  the  eye  which  appears  as  bright as E 

solar  illumination  at  the  earth/moon  distance  (one  solar  constant) - 
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Er 

EV 

Fe 

G 

h 

ha 
I 

If 

K, Ki 

L 

LO 

P 

M 

m 

m 
C 

R 

Rf 

Rt 
i 

r 

r 

r 

e 

P 

retinal  illumination 

"veiling"  illuminance  at  the  eye  due  to a glare source 

net  effective flux for any pupil  radius 

optical  gain 

orbit  altitude 

earth "aura" altitude 

source  light  intensity  (steady  source) 

flashing  source  intensity  required 

curve  fitting  constants 

target  luminance 

minimum  perceptible  display  luminance 

object  length 

mean  threshold  angular  rate 

linear  magnification 

stellar  magnitude at sea  level 

chase  vehicle  mass 

orbit  period 

range  between  chase  and  target  vehicles 

distance  to  fixation  point  from  eye 

target  distance  from  orbit  center 

range  rate  between  chaeer  and  target  vehicles 

radius 

earth  radius 

pupil  radius 
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T 

*n 
t 

td 

tL 
t 

V 
P 

Q 

9 . 
Q 

P 

pi 

B 

6C 

17 

ut 

8 

optical  transmission 

thrust  vector 

time 

time  in dark 

recovery  time  for  visual  sensitivity  after a flash of light 

Light  flash  duration 

change  in  velocity  during  presentation  time of target 

subjective  velocity  determination 

mean  velocity  during  target  preeentation  time 

angle of elevation of line of sight 

angle  between  incident  light  .and  light  reflected  into  eye  (see  Table VI) 

elevation  angular  rate of line of sight 

azimuth  angle of line of eight 

angle  between  surface  normal  and  light  reflected  into  the  eye  (see Teble VI) 

Azimuth  angular  rate of line of sight 

depth  interval  (Ogle) 

parallax  angle  (Graham) 

angular  rate  change  required  for a perception of a change  in  target  position 

depth  interval  (Graham) 

cone  half  angle  (see'  Table VI) 

stereoacopic  angle  (Ogle) 

stereoptic  threshold  angle 

angle  between  chaser  line of sight  and  local  horizontal  through  target 
vehicle 
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e 
i 

'r 

es 

ev 

P 

P 

Fr 

Pt 

U 

7 

6 

u 

u e 

t W 

angle  between sun light  incidence  angle and local  surface  normal  (see 

Table VI) 

initial ( e ) 

angle of rotation of eye 

angle  subtended  by  object  at  the  eye  (visual angle) 

angle  between  fixation  point  and  glare  source 

gravitational  constant 

parallax  angle  (Ogle) 

reflectance 

chaser  distance  from  target  orbit  center 

standard  deviation 

window  transmittance 

angle of rotation of eye  (Ogle) 

angle  between  local  surface normals (see  Table VI) 

angular  rate of target  motion 

earth  rotation  frequency 

parallax differential  angular  velocity  threshold 
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Appendix B 
CONVERSION FACTORS 

In the following tables to .convert any quantity listed  in  the left-most column 
to any quantity listed  to  the right, multiply by the factor shown. 

LUMINOUS FLUX 
(Intensity of a Source) 

Candle- 
power 

Candlepower 

1 

Lumens 

Watts 

- L 

4n 

Lumens Watts Ergs/second 

1 

1 
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Foot-  Meter- Lumens/ft 2 Lumens/ candles  candles meter2 

Footcandles 1 10.764 1 10.764 

Meter-candles 0.0929 1 0.0929 1 

Lumens/ft 

Lumens/meter 0.0929 1 0.0929 1 

2 1 10.764 1 10.764 
2 

LUMINANCE 
(Surface brightness or reflected l i g h t )  

Canaes/ Footlamberts Apostilbs- Lhmberts 
f w t 2  meter2 (Lmers/c.--2) 

Candles/foot 1 10.764 71 10,764 

Candles/meter2 O.Og29 1 0.0929 ir 1 :< 10 -4 

Footlamberte 

2 I - 
929 

1 10.764 - 1 10.764 10.764 Y 10 -4 
lr lr 

Apostilbe- 0 - W29 - 1 
7r 0- Og29 1 io-4 

i 
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QUANTITY OF ENERGY  RECEIVED BY A SURFACE 

Meter-candle 
Seconds 

Footcandle- 
Seconds 

Meter-candle- 
Secbnds 1 0.0929 

Footcandle- 
Seconds 10.764 1 

Ergs/cm2 0.680 
(at 555w*) 

Watt-seconds/cm2 6.80 106 
or Joules/cm2 (at 555w*) 

.10 7 1 

QUANTITY OF ENERGY EMITTED BY A SOURCE 

Lumen- 
Seconds 

Candle- Watt- 
power- seconds 
Seconds or Joules 

Ergs 

Lumen-Seconds 1 1 
4n 

Candlepower- 
Seconds 4 

1 

Ergs 1 

xTne only  for  monochromatic  light at 555mp. For other  wavelengths in the  visible  region, 
mulsiply  by  the  relative  visibility  factor  for  that  wavelength. 

divide  by  the  visibility  factor for that  wavelength. 
-rue only for  monochromatic  light at 555mp. For  other wavelengths in the  visible  region 

-Defined as 1 lumen  per  meter2;  occasionally  incorrectly  called  meter-lambert. 
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